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CHARACTERIZATION OF HOLLOW CATHODE,
RING CUSP DISCHARGE CHAMBERS

An experimental study into the effects of changes in such

physical design parameters as hollow cathode position, anode position

and ring cusp magnetic field configuration and strength on discharge

chamber performance was conducted during the grant period. This work

showed that I) the rate of primary electron loss to the anode

decreases as the anode is moved downstream of the ring cusp toward the

screen grid, 2) the loss rate of ions to hollow cathode surfaces

becomes excessive if the cathode is located upstream of a point of

peak magnetic flux density on the discharge chamber centerline, and

3) the fraction of the ions produced that are lost to discharge

chamber walls and ring magnet surfaces is reduced by positioning the

magnet rings so the plasma density is uniform over the grid surface

and adjusting their strength to a level where it is sufficient to

prevent excessive ion losses by Bohm diffusion. The performance of a

discharge chamber operating with a hollow cathode is the same as that

operating with a filament cathode located at the position of the

hollow cathode orifice provided the baseline plasma ion energy cost

parameter is adjusted to reflect the operating power requirement for

the hollow cathode. This work is described in a report I and a paper 2

completed during the grant period. A copy of the paper is included as

Appendix A to this report.

AN APPROACH TO THE PARAMETRIC DESIGN OF ION THRUSTERS

A methodology that can be used to determine which of several

physical constraints limits the output power and thrust of an ion



thruster under various design and operating conditions was developed

during the grant period. The methodology was exercised to demonstrate

typical limitations imposed by grid system span-to-gap ratio, intra-

grid electric field, discharge chamber power per unit beam area,

screen grid lifetime and accelerator grid lifetime constraints for a

typical discharge chamber designed to operate at maximum thrust-to-

power. The possibility of using other operational constraints, of

applying the the technique to evaluate the potential payoff of design

changes and of incorporating the methodology into mission analysis

3
programs was considered. A paper was prepared to describe this work

and it was supported in part by the grant being reported upon so a

copy of the paper is included as Appendix B to this report.
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HIGHCUERENTHOI//_ CATHODERESEARCH

Verlln Friedly

INTRODUCTION

Presently, there is an interest in developing high power

thrusters and high current electrodynamlc tethers that utilize hollow

cathodes operating at high discharge currents (> 20 A). In order to

realize reliable, long term operation at such current levels it is

important for a designer to understand both the phenomena associated

with hollow cathode operation and the manner in which they will affect

cathode operation at high current levels. If phenomenologlcal trends

associated with high current operation are not understood, then it is

likely that problems such as the baffle erosion observed in some high

current cathode systems 4'5 will continue to evade prediction and

correction.

In an effort to gain additional understanding of high-current

hollow cathode operation, basic tests were conducted on a hollow

cathode of standard design 6 to determine its operating characteristics

and the nature of the plasma created within and downstream of it as a

function of discharge current (up to 60 A). Cathode internal pressure

and orifice plate temperature measurements were both found to exhibit

a strong dependence on discharge current. In fact the particular

cathode used in these tests had not been designed for high current

operation and both internal pressure and temperature reached values

during testing that suggest it would have a short lifetime.



A retarding potential analyzer was used to measure ion energies

downstream of the cathode orifice plate and ions with energies

substantially greater than the difference between the anode and the

cathode potentials were detected. Langmuir probes were used to

determine the plasma properties upstream and downstream of the

cathode orifice and an emissive probe was used to measure plasma

potential potentials downstream of the orifice. Evidence was found

that the emlssive probe begins to indicate erroneous plasma potentials

as it is moved close to the cathode orifice. Difficulties were

encountered in making the measurements upstream of the orifice plate

because of the harsh environment there and as a result plasma

properties were measured only through the discharge current range up

to 9 A.

APPARATUS AND PROCEDURE

The schematic diagram in Fig. 1 illustrates the test apparatus

used to conduct the experiments described in this report. This

apparatus was installed in a 30 cm dia by 45 cm high vacuum chamber.

A 6.4 mm outside dia hollow cathode equipped with a 0.71 mm dia

orifice (do) in a thoriated tungsten orifice plate was used for the

tests. It contained an insert (low work function emitter) that was

constructed from 0.03 mm thick tantalum foil rolled into a 20 mm long

cylindrical shape and coated with Chemical R-500*. The copper

cylindrical anode used was 1.7 mm thick, I00 mm in length and 64 mm in

Chemical R-500 is a double carbonate (BaCOn, SrCO_) mixture that has

been manufactured by the J. R. Baker ChemiCal Co.: Philllpsburg, NJ,

but is no longer being made.

4
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dia with a 25 mm wide slot in one side to allow for probing of the

plasma within it. The anode was water cooled so it would not melt at

the high discharge current levels where tests were to be conducted. A

tantalum torus with a 1.5 mm minor diameter and a 5 mm major diameter

was used as the keeper and it was positioned I mm downstream of the

cathode orifice plate. The axes of the cathode, anode and keeper were

all collnear. To assist in startup a resistive heater covered with a

tantalum foll radiation shield was placed on the cathode at the

location of the insert. The internal pressure of the cathode was

measured using a capacitance gauge, accurate to within ± 1 Torr.

Because these pressure measurements were made in the plenum chamber

upstream of the cathode tube as suggested in Fig. 1 and because the

flowrates involved were low, it is argued that the measured pressure

is close to the stagnation pressure at the cathode orifice. Cathode

wall temperatures were measured by viewing the interface of the

orifice plate and cathode tube using a mlcro-optlcal pyrometer located

outside the glass bell Jar. Measurements were then corrected for

surface emissivity errors and absorption losses through the glass

using a calibration curve developed by making simultaneous temperature

measurements on a heated tantalum surface using a thermocouple and the

optical pyrometer. After the calibration had been completed,

significant coating of the bell Jar could have changed the calibration

curve, but no evidence of a coating was seen and it is assumed the

initial calibration has remained valid.

The upstream Langmulr probe shown in Fig. 1 was constructed from

a 0.25 mm diameter tungsten wire that had been melted in a helium

atmosphere so a 0.8 mm dla sphere formed at one of its ends. This

relatively large spherical probe was used because probe data taken



upstream of the cathode involved collection of currents proportional

to the ion current density in the plasma (i.e. in the potential region

below floating potential) and this implies a very small current unless

the probe surface is large. Attempts to collect data at higher

potentials in the high density plasma within the hollow cathode were

not successful because the probe either perturbed the plasma

excessively or melted. It was found in fact that the probe could melt

even though its potential was raised only slightly above local

floating potential, if the discharge current was above about 9 A. The

quartz insulator used on the probe had an outside dla of 2.2 mm and

was reduced in size near the spherical collector to minimize the

perturbations the probe induced in both the plasma conditions and the

neutral atom flow pattern. A tantalum foll shield was placed around

the quartz tube near the spherical collector to reduce the rate at

which the insulator was coated by material from the insert.

The two Langmulr probes shown downstream of the orifice plate in

Fig. I were used to collect plasma property data in this region. Two

probes were required so data could be collected over the complete

range of densities found there. The 0.8 mm dia spherical probe was

used to take data near the orifice where the densities are on the

order of 1013 to 1014 cm_ 3 It was constructed and operated to collect

data in the same manner as the probe used upstream of the orifice.

The cylindrical probe shown in Fig. i was used to collect data further

from the orifice where the densities were lower (< 1013 cm'3). The

cylindrical probe utilized a 0.8 mm dia tantalum wire that protruded

0.5 mm from the end of the 2.2 mm outside dia quartz tube insulator.

Figure 1 illustrates the orientation of the two downstream probes with

respect to the cathode. Either probe can be positioned along a



10.4 cm radius arc that terminates at the cathode orifice. Typically

the spherical probe was swept to within about 1.8 mm of the orifice

plate. Attempts to move it closer resulted in sufficient blockage of

the orifice so the operating conditions of the cathode were perturbed

significantly. It should be noted that while one probe was being used

the other probe was allowed to float so its perturbing effect on the

plasma would be minimized.

The circuit used to drive the upstream Langmulr probe was the

same as that used by Siegfried. 7 Using this circuit, the probe

voltage could be swept electrically from -15 V to +15 V with respect

to the potential of the cathode. The circuit made it possible to

sweep the probe voltage at a sufficiently rapid rate so probe

contamination effects were acceptably small; the peak sweep rate was

limited by the response time of the X-Y plotter used to record the

data. The upstream probe was cleaned before data were collected by

applying a -38 V bias to it to induce ion sputtering by cathode plasma

ions.

The voltages on the two downstream probes were swept manually

using the simple circuit shown in Fig. 2. A high-quality, 3 k_

potentiometer, used with the voltage regulator shown, was required in

this circuit to produce a smooth and consistent voltage ramp signal to

the probe. The voltage/current traces generated were recorded on an

X-Y plotter. The circuit shown in Fig. 2 can be ramped from -10 V to

30 V with respect to cathode potential. The 10 V battery shown serves

to bias the circuit and probe 10 V negative of the cathode so complete

Langmuir probe traces can be collected. Both circuits are powered

using batteries because they represent a stable and relatively noise-

free voltage source.
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Langmuir probe data were obtained over two different potential

ranges in this study (some taken over a potential range from low

values to above plasma potential--complete traces--and some taken only

up to about floating potentlal--partlal traces). Different analysis

techniques had to be used to analyze these different data sets. The

partial traces (obtained using the spherical probes) were analyzed

using the method applied by Siegfrled. 8 This method involves direct

calculation of the electron temperature, determination of the plasma

density from the ion saturation current and estimation of plasma

potential using these results and the measured magnitude of the

floating potential. Where complete traces were taken using the

cylindrical probe, the method developed by Beattie 9 was used. Both

analysis techniques were applied by digitizing data that had been

recorded on the X-Y plotter and then analyzing it using a routine

written for an IBM-compatible personal computer.

The emlsslve probe shown in Fig. 1 was used to measure plasma

potentials in the region downstream of the orifice plate. The active

emitter surface used in this probe was a 0.08 -,, dla, 6 mm long

tungsten wire. This fine wire was spot welded between two 0.2 mm dla

nickel wires which were insulated from the plasma and supported by a

3 mm dla alumina double-bore tube. The end of the alumina tube at

which the emitter was located was covered with a tastable ceramic that

insulated the nickel leads from the plasma thus leaving only the

tungsten wire exposed. This probe design and the circuit used to

drive it are essentially the same as those used by Aston. I0 The

emisslve probe is designed so it can be swept axially along the common

centerllne of the hollow cathode and anode. It is also designed so it

I0



can be rotated off of the centerline and out of the interelectrode

plasma when it is not being used to makea measurement.

The retarding potential analyzer (RPA), which is also shown in

Fig. I, is located I0 cm downstream of the hollow cathode on the

cathode/anode centerllne. A drawing of the RPA illustrating some of

its key features is shown in Fig. 3. Because this probe must operate

in a moderately high plasma density environment, special attention had

to be paid to the problem of shielding the ion collector so plasma

electrons could not reach it. This was accomplished by careful

attention to sealing at Joints so plasma/collector coupling could

occur only through the two screens shown in Fig. 3. The first barrier

to electron leakage into the probe is the outer body (0.25 mm thick

stalnless steel) and screen 1 which is connected to it. The second

barrier is the inner body and the screen connected to it (screen 2).

These body/screen pairs are isolated from each other using Kapton film

and from the collector, which is mounted on an iso-mlca plate, so

these three components can be biased relative to each other.

Connections to the collector and the inner body are made using,

respectively, the center and outer conductors of a coaxial cable.

Careful attention was paid to obtain a tight fit at the point of cable

entry into the device so plasma contact with either point of cable

connection or with the collector would be prevented. The electromesh

nickel screens used to cover the orifices in front of the collector

have an 85% optical open area and square openings 0.24 mm on a side.

Visual examination of the screens showed that they are not aligned and

as a result, the ion current impinges on both screens. They are held

planar on 0.25 mm thick stainless steel support plates so uniform,

axial electric fields can be maintained throughout the probe aperture

11
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region. The voltages applied to screen I, screen 2 and the collector

were measured and designated respectively Vsl, Vs2 and V C. The

current to the collector (JC) was also recorded. Experiments were

usually conducted with screen I floating (at about -3 V relative to

the cathode), screen 2 biased sufficiently negative to repel electrons

(at about -33 V (again relative to the cathode) while the collector

potential was ramped from a few tens of volts below hollow cathode

potential to a few tens of volts above it while corresponding

collector current (Jc) and voltage (VC) data were recorded with an X-Y

plotter. Once these data had been recorded, the current/voltage

curves were fitted using a Fourier series and this series was then

differentiated to determine the energy distribution of the ions

falling on the probe. The curve fitting and differentiating procedure

used to do this work was developed by Anderson 11 and is described in

Appendix C.

The circuit used to operate the hollow cathode included two 35 A,

60 V power supplies connected in parallel with each other so they

would have the high amperage capability required. These high quality,

transltorlzed power supplies were selected for this application

because they operate stably when they are driving a plasma discharge

(noisy) load. The 2 A, 160 V keeper power supply has a sufficiently

high output voltage so the keeper discharge can be initiated easily.

The heater power supply was capable of supplying up to i0 A. All

potentials were measured with respect to cathode potential and the

cathode itself was allowed to float with respect to earth ground.

Tests were conducted by first evacuating the vacuum chamber to

-Tx10 "5 Torr. The cathode was then heated with the resistive heater

for 30 minutes before 160 V was applied between the keeper and cathode

13



and xenon gas was supplied through the cathode at a rate that ranged

as high as 12 sccm but was generally -5 sccm for a brief time to

initiate the keeper discharge. Once the discharge had started the

flow was reduced and the anode power supply voltage was increased

until a discharge (anode) current of -3 A was established. The keeper

supply would then be reduced to -0.5 A and the heater would be turned

off. The discharge was allowed to stabilize for -I hr before tests

were conducted. During typical tests, the bell jar (ambient)

presssure was of order 1 x 10 -3 Tort. This pressure is probably

somewhat higher than typical ion thruster discharge chamber pressures,

but may be close to values observed in the keeper discharge region of

a cathode that employes a baffle.

RESULTS

Typical test measurements showing the effects of hollow cathode

discharge current (JD ranging to -60 A) on discharge (anode) and

keeper voltages (VD and VK) at two different cathode flowrates (ms)

and a constant keeper current (JK) of 0.5 A are given in Fig. 4. At

both flowrates the trend of decreasing voltages with increasing

discharge current up to about 20 A and slight increases in the

voltages with current beyond that are observed. Voltages are observed

to be slightly lower at the higher flowrate with keeper and discharge

voltages being about 6 V and 12 V, respectively, at discharge current

levels beyond about 20 A.

At high discharge current levels, a very intense, luminous plasma

Jet extending from the cathode and curving upward until it contacted

the anode was observed. Figure 5 is a photograph of such a Jet. This

14
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particular jet, observed when the hollow cathode was operating at

-50 A discharge current and -20 V discharge voltage with a mass

flowrate of -320 mA eq. extended about 8 cm downstream of the cathode

and was -6 mm in diameter. Jets llke the one in Fig. 5 are most

apparent at high current levels, but they can also be seen at lower

currents. For example, the Jet observed at a 20 A discharge current

was less intense, was -4 cm long and did not exhibit the curvature

seen in the Jet for the 50 A case (Fig. 5).

Plasma Properties

Typical plasma property profiles measured downstream of the

orifice plate along the cathode/anode centerline using a Langmulr

probe are shown in Fig. 6. The discharge currents in this figure

cover the range over which the jet shown in Fig. 5 was readily visible

(40 A) and not apparent (10 A). The upper set of plots in Fig. 6

shows that plasma potentials, which are typically several volts below

anode potential, generally decrease with axial distance from the

orifice plate and that the general level of the plasma potentials

increases with discharge current. The fact that plasma potentials are

highest near the cathode orifice plate, especially at the higher

currents, is particularly noteworthy and it will be discussed later in

this report after additional data have been considered.

The axial, centerllne profiles of Maxwellian electron temperature

and density, which are also shown in Fig. 6, indicate that the general

temperature and density levels increase with discharge current. The

temperature is axially uniform over the axial range shown, however,

while the density decreases rapidly with axial distance from the

cathode. The observed increases in temperature and density with

discharge current are considered to be due to the increased rate of

17
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ionization that accompanies increased current flow. Primary electrons

were also detected in the Langmuir probe data collected downstream of

the cathode orifice but the associated densities were typically only a

few percent of the Maxwellian densities. As a result it was difficult

to distinguish them and quantify their properties, especially when

data were being collected close to the cathode and probe traces only

extended only to floating potential.

The effects of cathode flowrate on axial plasma property profiles

at a discharge current of 20 A are shown in Fig. 7. These data

indicate that plasma potential and electron temperature are relatively

insensitive to flowrate over the range tested, but plasma densities

are higher at the higher flowrate especially near the cathode orifice

plate. As the legend suggests, this relative insensitivity of the

plasma potential and temperature to changes in flowrate occurred under

conditions where the discharge voltage changed by 5 V.

Making Langmulr probe measurements in the region upstream of the

orifice plate became increasingly difficult as discharge current was

increased because the plasma environment there became increasingly

hostile (cathode interior plasma densities and temperatures

increased). It was possible to collect data both upstream and

downstream of the cathode orifice when the discharge currents were

kept below 9 A and such data are shown in Fig. 8. Negative axial

positions in these plots represent positions upstream of the orifice

plate. These data show the plasma potential upstream of the orifice

increases to a maxlmum value of -6 V near the orifice and then there

is a -7 V voltage rise across the orifice to a 13 V plasma potential

downstream of it. They also show the electron temperature increases

as the orifice is approached from the upstream side and that there is

19
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an increase in temperature across the orifice. The most dramatic

property change is seen to occur in Maxwelllan electron density which

rises to a very high level Just upstream of the orifice and then drops

through the orifice. Because the difference in the two discharge

current levels for which data were collected is small, it is difficult

to see significant changes in plasma properties induced by changes in

discharge current.

Retarding PotentlalAnalyzerData

Rapid erosion of the baffles and other cathode potential surfaces

downstream of hollow cathodes operating at high discharge currents

cathode has been observed by Rawlln 4 and by Brophy and Garner_ These

examples of erosion are believed to have been caused by ion

bombardment-lnduced sputtering but a source of ions with the energy

needed to cause such damage is not apparent. Specifically, ions

produced in the plasma downstream of a hollow cathode could acquire a

kinetic energy equal to the plasma-to-baffle potential difference

(about 20 V) as they approach the baffle. Ions (including doubly

charged ones) falling through this potential difference would not be

expected to induce sufficient sputtering to cause the observed erosion

rates. Because it was considered likely that the ions had a higher

kinetic energy than that associated with acceleration through the

anode-to-baffle potential difference, evidence of higher energy ions

was sought using the retarding potential analyzer (RPA).

Figure 9 presents typical RPA traces measured at discharge

currents of 10 and 15 A using an analyzer located 10 cm downstream of

the cathode orifice on the cathode centerline and sighted on the

orifice. The upper plot in Fig. 9 shows the actual ion current

collected as a function of collector potential measured relative to
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cathode potential. The lower plot displays the corresponding

derivatives of the collector currents with respect to collector

potential determined using the procedure described in Appendix C. The

data shown in these lower plots are proportional to the distribution

functions of the ions incident on the RPA. The numbers on the

horizontal axis are numerically equal to the energies (in eV) that

slngly-charged ions striking a cathode potential surface would have.

Doubly-charged ions would have energies equal to twice the indicated

horizontal axis voltages. Singly and doubly-charged ions cannot be

distinguished from RPA data, however, so the relative current

densities of these two species are not indicated. In light of these

facts, the figure suggests that most slngly-charged ions striking a

cathode potential surface such as a baffle would have energies near 5

or 6 eV and doubly-charged ones would have twice this energy at both

the i0 A and 15 A discharge current operating conditions. At the i0 A

operating condition the solid llne data indicate very few singly-

charged ions would have energies beyond i0 or 12 eV. At the 15 A

operating condition, on the other hand, the broken curve in the lower

plot of Fig. 9 suggests significant numbers of slngly-charged ions

with energies ranging to 35 eV (and/or 70 eV doubly-charged ions)

could be expected to bombard a cathode potential surface such as a

baffle. This preliminary result is considered partlcularly

significant because it represents the first direct evidence that

increasing numbers of high energy ions are generated by a hollow

cathode discharge as discharge current is increased and that the

energy of these ions can exceed the energy associated with the plasma-

to-cathode potential difference (approximately the 15 volt anode-to-

cathode potential difference in the 15 A discharge current case).
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It should be noted that there are irregularities associated with

the data presented in Fig. 9. Specifically, the data in the lower

plots show a substantial non-zero derivative at collector potentials

below zero. This result implies significant numbers of ions with

negative kinetic energies are present in the plasma and this is a

physical impossibility. It indicates that the RPA is not operating

properly as it is presently configured even at the relatively low

discharge current levels where the data of Fig. 9 were obtained. The

design deficiencies appear to be due to either small electron currents

that reach the collector or nonuniform electric fields that develop in

the vicinities of the screens and the collector. While the probe

appears to be working properly at positive collector potentials (the

ion energy range of interest), more work is needed to improve its

design and performance and to extend its useful range of operatlon to

higher cathode discharge current levels.

A TheoryofHiEh EnerKy Ion Produutlon

The ion current data of Fig. 9 and the evidence of rapid baffle

erosion observed at high hollow cathode current levels both suggest

the existence of a population of ions with energies and current

densities that increase with cathode current. It is not obvious,

however, how such ions could be created in plasma environment where

the maxlmumpotentlals measured in the plasma and on the anode are

about 15 V. It would be expected that ions created in this

environment would achieve a maxlmumkinetlc energy of 15 eV as they

were accelerated to a cathode potential surface. Higher ion kinetic

energies could develop only if the ions were created at a location

where the plasma potential was substantially greater than the

discharge voltage. Langmuir has pointed out that this condition can
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develop when high energy electrons are injected into neutral gasl2and

such a region of high potential was observed to develop immediately

downstream of a hollow cathode emitting electrons in a hollow cathode

13
plasma contactor experiment by Williams. The potential hill

observed by Williams was measured at a low emission current (< 1 A)

but the fact that it was observed at all demonstrates that potentials

above anode potential can and do develop immediately downstream of a

hollow cathode.

The physical mechanisms by which a region of high potential could

develop can be tmderstood by considering a Jet of electrons being

ejected out of a hollow cathode orifice through a plume of relatively

high density neutral gas also coming through the orifice. It is

postulated that electrons are accelerated to substantial kinetic

energies as they pass through a double sheath 12 located at the

downstream edge of the hollow cathode orifice. The data of Figs. 6

and 8 suggest a substantial potential difference that could sustain a

double sheath does develop across the orifice plate. Electrons

accelerated through such a double sheath would be likely to ionize

some of the neutral gas through which they were passing. If one

presumes the electrons had kinetic energies significantly in excess of

the ionization energy of the gas atoms, then the secondary and primary

electrons coming out of the ionization event would also tend to have

substantial kinetic energies. These electrons would therefore tend to

escape from the region rapidly, leaving behind the less-mobile ions

that were a product of the ionization. The net result of this

sequence of events would be the accumulation of net positive charge

which would induce the increase in plasma potential (i.e. the

potential hill) observed by Williams just do_nstream of the cathode

26



orifice. This potential hill in turn provides the mechanism whereby

forces could be exerted that would accelerate the ions out of the

ionization region (to the high energies observed using the RPA) and

retard the electron loss rate by a plasma seeking to maintain charge

neutrality.

In order to determine if the potential hill suggested by the

preceedlng argument was present, the emlsslve probe was used to

measure plasma potential profiles along the downstream centerllne of a

hollow cathode operating at various, high discharge currents.

Figure I0 shows plots of plasma potential as a function of axial

position measured at three different discharge current levels in these

tests. For a discharge current (JD) of 3_A, the discharge voltage

(VD) is 22 V but the data indicate the plasma potential reaches only a

-16 V peak at a location about 5 cm downstream of the orifice.

Although this peak potential does not surpass the discharge voltage,

it does indicate a potential hill can develop Just downstream of the

cathode. The emlsslve probe data of Fig. I0 show, however, that the

potential hill disappears when the discharge current is increased to

I0 A and that a potential depression develops at 20 A. The Langmulr

probe data presented previously (Figs. 6, 7 and 8) had shown Just the

opposite trends (the development of a potential hill that became more

substantial as discharge current was increased) so both sets of data

were called into question.

In an effort to resolve differences between various measurements

it should be recalled that there is a very intense plasma discharge

(high plasma density) close to the cathode orifice and because of

this, only the ion saturation portions of the Langmulr probe

characteristics can be collected there. Analysis of such data
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probably yields plasma potentials like those shown in Figs. 6 through

8 that are accurate to within ±20% but no better. The emissive probe

data are, however, subject to a more pervasive error in the high

plasma density environment close to the cathode. This error is

associated with the fact that the emissive probe filament must be at a

sufficiently high temperature so electrons can be emitted

thermionically from it at a rate equal to the arrival rate of random

thermal electrons from the plasma. If the filament is not hot enough

to satisfy this condition, then the probe will float below the

prevailing plasma potential and since it is this floating potential

that is measured, the probe will indicate a plasma potential that

drops progressively further below the true value as plasma density is

increased. The currents emitted (Je) and collected (Jc) by a probe

are described by the equations:

and

Je - A E(T) (I)

Jc - ¼ eneA /_
4 _'m

e
(2)

where A is the area of the probe filament wire exposed to the plasma,

_(T) is the temperature-dependent electron emission current density of

the probe (A/m2) 16
, e is the electronic charge, n e is the density of

plasma in which the probe is located, Te is the electron temperature

and m e is the electron mass. Applying the requirement for accurate

probe operation (Je _ Jc )' limiting plasma densities can be computed

as a function of emissive probe temperature by equating Eqs. I and 2.

Figure Ii shows two values of these limiting densities pertaining to
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the maximum temperature at which the ultimate tungsten probe could be

operated (3370 °C-its melting temperature) and the maximum temperature

at which the present probe can be operated without burning out

(estimated to be -3000 °C). Also plotted in this figure are axial

plasma density profiles determined from Langmuir probe measurements

(from Fig. 6). It is apparent from the data of Fig. ii that an

emissive probe will indicate plasma potentials that fall progressively

further below the true values as the probe is moved closer to the

cathode into the progressively higher density plasmas located there.

Thus, it may be concluded the plasma potential profiles shown in

Fig. 10 are in error. They should probably show a potential peak

developing within a centimeter of the cathode as the Langmulr probe

data do, but they do not because the probe cannot be maintained at a

sufficiently high temperature to indicate properly in the high density

plasma that exists there. Further, the departure between these true

and measured plasma potentials increases as cathode discharge current

is increased.

The Effects of Discharge Current onCath_le Temperature and Pressure

As the discharge current associated with the typical cathode used

to obtain the data for Fig. 7 is increased both the temperature of the

cathode wall and the cathode interlorpressure increase in the manner

shown in Fig. 12. As the data in the upper plot indicate, the cathode

wall temperature dependence on flowrate is small. The magnitudes of

the temperatures shown at discharge currents above about I0 A are

considered excessive because theywould induce rapid, low work-

function material migration from the insert. This would be expected

to result in turn, in relatively rapid degradation of the insert and a

short cathode lifetime. It is noted, however, that these temperatures
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could be reduced by redesigning the cathode to enhance radiative and

conductive heat transfer from the electron emission zone where much of

the heat is deposited.

The cathode interior pressure was expected to increase in direct

proportion with discharge current, as the straight lines in the lower

graph in Fig. 12 suggest. At low current levels (< 30 A) this

variation was observed at both flowrates for which data are shown in

this figure, but at higher currents for ms - 280 mA eq. the pressure

showed less than a linear increase. This departure from linearity is

believed to be caused by propellant leakage from the cathode or

cathode plenum into the vacuum bell Jar through an opening other than

the orifice. This leakage problem is one that is still being

addressed.

The data of the lower plot of Fig. 12 are striking because they

suggest that pressures within this particular cathode, which has not

been designed specifically for high current operation, approach

i00 Torr at high currents. The calculated length over which electron

emission would occur on an insert in a cathode operating at such

pressures would only be a few tenths of a millimeter. 14 Such a small

emission region length would be expected to result in a high emission

region temperature and consequentially rapid degradation of the

insert.

In order to apply a model describing the processes occurring

within a hollow cathode 14 one must be able to relate the cathode

interior pressure to the cathode flowrate and orifice diameter. The

basic equation that should relate these quantities is:
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&C
Psi - "°nl (3)

d2
o

where m is the propellant flowTate through the cathode, do is the

orifice diameter, Tnl is the temperature of the neutral atoms inside

the cathode and C is a constant that is determined by the extent to

which the flow is free molecular or continuum. If one treats the

neutral atom temperature as relatively constant, this equation

suggests the cathode interior pressure could be normalized to account

for the effects of flowrate and orifice diameter using the parameter

Psi d_/ms" In this expression, Pst would represent the cathode

interior stagnation pressure and ms the rate at which propellant is

being supplied through the cathode. When this correlating parameter

is applied to the data of Fig. 12, the correlations shown in the upper

plot of Fig. 13 are obtained. If this were a good pressure/flowrate

correlating parameter, all of the data would be scattered about a

common llne and if it also correctly reflected the effects of

discharge current on the flow of fluid through the orifice, the llne

would be horizontal. In this case the data do not correlate

particularly well in either sense.

It must also be recognized, however, that the suggestion made

earlier that there is a double sheath located at the cathode orifice

implies that there is ion backflow through the cathode orifice. While

one might expect this back flowrate to be small its effect could be

taken into account by applying the equation for the total atom

flow-rate through the orifice:
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where ms is the propellant flowrate supplied and ml is the propellant

flowrate due to backstreaming ions. The term "backstreamlng ions"

used here represents ions that enter the cathode from downstream of

the orifice and once they have backstreamed through the orifice the

only way for them to leave the cathode is as neutrals. Ions that

backflow, therefore, contribute to the total mass flowrate through the

orifice. To calculate the ion backflow rate into the cathode, the ion

current is assumed to be flowing at the space-charge limited

condltlon 12 at which the backflowlng ion current (Ji) , which is

numerically equal to the ion flowrate in mA eq., is given by:

(5)

In this equation the electron current Je is assumed to be equal to the

discharge current and m e and m i are the electron and ion masses

respectively. When this total flowrate is used to form the

correlating parameter in place of the flowrate of propellant being

supplied directly to the cathode, the data plotted in the lower plot

of Fig. 13 are obtained. This plot shows better correlation between

the data, but the data are still not coincident. More work needs to

be done to obtain accurate flowrate and pressure data and possibly to

account for changes between continuum and free molecular flows to

obtain better correlations. The lines in Fig. 13 are also not

horizontal and this means that the effects of discharge current have

not been completely taken into account. It is believed that this

condition can be corrected by accounting for collisional drag induced

by ions that backstream through the cathode orifice and collide with
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neutral atoms flowing out of this small passage. Currently a method

to account for these collisions is being developed.

CONCUISION$

There is significant experimental and theoretical evidence that

ions can be created at potentials substantially above anode potential

in a region of high plasma potential that develops immediately

downstream of the orifice of a hollow cathode. Both Lang_uir probe

and RPA data suggest that the plasma potential in this region

increases with discharge current to the point where ions created there

could acquire a high kinetic energy. If they were then allowed to

impinge on a cathode potential surface such as a baffle they could

erode it rapidly. Emlssive probe measurements do not show that such a

region of high plasma potential develops as discharge current is

increased, but theoretical analysis suggests that the probe does not

operate properly near the cathode orifice because plasma densities are

too high there.

Langmuir probe measurements made upstream and downstream of the

orifice plate of a hollow cathode yield plasma property data that

appear to be reasonable in light of data obtained previously as lower

discharge current levels. Plasma densities reach very high levels at

the cathode orifice, and these densities increase in about direct

proportion to the discharge current. Cathode wall temperatures and

interior pressures are found to be so high that they would be expected

to limit cathode operating lifetimes under the conditions of cathode

cooling and orifice size used in these tests. Additional effort is

required to obtain a reasonable correlation between cathode flowrate,

37



discharge current and cathode interior pressure that can be used in

mathematical models describing hollow cathode operation.
!
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INVESTICATION OF A HOLIX_ CATHODE FAILURE

John D. Williams

During the grant period, a hollow cathode being used in a plasma

contactor experiment failed. Subsequently, it was determined that the

failure had occurred because a bellows in the gas supply valve had

developed a leak that allowed air to enter the cathode while it was

operating. Up until the time of failure it had been operating at a

keeper current and voltage of 1.0 A and 8-15 V, respectively, and a

net electron emission current to the vacuum chamber plasma of 0.5 A.

The failure itself was characterized by a gradual increase in

discharge voltage. The failure was reconlzed when the discharge went

out and could not be resarted. The physical arrangement of the

cathode throughout the testing period that.preceeded failure is

illustrated in Fig. 14. As this figure suggests, the cathode axis was

pointed down, toward the Earth. Because the cathode utilized a keeper

plate with no orifice in it and because the plate was located directly

beneath the cathode, at least some and probably most of the material

expelled during the failure was collected. The material that came out

of the orifice during the period when it failed formed a small (2-3 mm

dla.) mound on the keeper plate. This material appeared grey to the

naked eye.

When the cathode was removed, the cathode tube was found to have

a longtltudinal crack in it and the swaged heater wire was also

damaged in this same location. The condition of the cathode tube and

heater suggested the failure occurred as a result of a high cathode

interior pressure. As the cathode was being handled, the tungsten
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orifice plate and part of the hollow cathode tantalum tube fell off

and the badly deteriorated tantalum loll insert that had been treated

with Chemical R-500 could be viewed. Inspection of the interior of

the hollow cathode indicated that it was completely packed with a

white powder. This powder was similar in appearance at all locations

but there were a few particles with a slight green hue located close

to the orifice plate. Inspection of the orifice showed that it had

enlarged from an initial diameter of 0.38 mm before the failure to

0.46 mm after it.

The material from inside the cathode and the grey mound found on

the keeper plate were all examined under a scanning electron

microscope. Figure 15 shows the appearance of the white powder

(Fig. 15a), the particles with the light green hue (Fig. 15b) and the

hard grey material (Fig. 15c). The black and white bars on these

mlcrographs indicate distances of 0.i mm, I0 _m and i0 _m,

respectlvely. The compositions of each of these materials was

analyzed using energy dispersive x-ray analysis and the following

results were obtained:

Hard Grey Materlal on the Anode

Particles with Light Green Hue

White Powder

Element A_omlc _

0 88

W Ii

Ta 1

0 87

W 4

Ta 4

Sr 5

Ba i

0 70

Ta 30

The should be noted in evaluating the above data that the

apparatus used to make the compositional measurements is relatively
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insensitive to nitrogen, so there could have been significant amounts

of nitrogen that were not detected and are therefore not included

among the elements listed. However, these data indicate the grey

mound found on the keeper directly below the tungsten orifice plate is

probably tungsten oxide from the orifice plate. The white powder

found within the hollow cathode is most likely tantalum oxide (Ta203

and TaOs). Finally, the unusual green-hued particles also found with

the hollow cathode may have been produced through a reaction involving

barium and strontium that came from the R-500-treated, tantalum loll

insert. It is also possible, however, that some tungsten oxides,

which are yellow and blue could combine to yield this color.
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RTNG CUSP/HOLLOW CATHODE DTSCHARCE CHAMBER
PERFORMANCE STUDIES*

J. A. Vaughn + and P. 5. _ilbur t

Colorado Stare University
Fort Collins, Colorado U.S.A.

An e_porlment•l study performed to dece_mine the
effect• of halley cathode position, anode position
and ring cusp magnetic field configuration and
screng=R on discharge chamber perforaance, is
described. The results era presented in corms of

coup•relive plasma ion energy come, extracted ion
fraction and beam profile dace. Such comparisons art
used Co demonstrate vhocher changes in pmrform_ce
are caused by changes in =Re lose race of primary
electrons co =Re anode or =Re loss race of ions to

discharge chamber vails or c•r±ode and anode sur-
faces. Results show l) =Re rate of primary electron
lose to =Re anode decrsues U the anode is moved

dovr_cream of =he ring cnsp coward =Re screen grid,
2) =Re lose race of ions to hollow ca=Rode surfaces

are excessive If the cathode is located upstream of a
point of peak magnetic flux denslcy •t =Re dtscharbe
chamber centerllne, and 3) the fraction of the ions

produced =Rac are lear to discharge chamber wails and
ring maiser surfaces is reduced by posicionir_ of the
masher rings $o =Re plasma density is umAform over
the Lrid surface and adjusting r.heir strength to a
bevel where £: is sufficient co prevent exceselve ion

losses by Bohm diffusion.

lltTlbO_qJC_O_

A scu_ conducted by Hiacc 1 on • specially
designed 8 ca dis. ring cusp ma_eCic field ion
source has shown the effects of the positions of a
loop filament cathode and loop anodm on discl_rge
chamber performance, based on chic york ic was
concluded chac the performance of a ring cusp dis-
charge chamber is best when 1) r_e surface of =evolu-
tion of the innermost magnetic field line chat
intercepts the anode (i.e. =Re v_rtual anode surface)
also intercepts the outermost rim 8 of holes in the
screen grid and 2) the surface of revoluclou of =Re

outermost field line chat intercepts =Re outer
boundary of the electron source (i.e. the virtual
cathode surface) Is located ralaclve co the vlrcual

anode so chac the discharge Is on =Re threshold of
extinccion ac =Re prevailing discharbe velcabo.

HiaCt used a refractory filament cathode In his study
becsucw £c vu convenient and £c could be pusicioned
co control precisely =Re virtual cathode surface
(i.e. the field line surface of revoluclon envhich

primary electrons are released Inca the discharge

chamber). The sLnad_presenced in chic paper is
similar in_focus to the one conducted by Hiacc, buc
halley cathodes, which are better suited for los 8
life space applications, are used In place of the
refractory filament cathodes used by Hiacc. The
objective of =Ris s_ has been co develop an
undarscandin b of the mechanisms _hereby =Re field
screnb=R and Iocacio_ of rim| cusp fields and =Re
location of the hollow cathode and anode relaclve to

chase fields influence dlscharbe chaaber performance.
The cases were conducted ou • small (7 ca

dlmter) ion source chac uclllzoa high flux denJicy

maKnecs. The use of chess magneto in such a small

source produced fields =Rac penetrated deep lnco the

chamber and as a result the volume of the lay mag-
netic flux density zone in :he chamber yak small. Ic
is difficult to achieve good performance in such a
chamber, but the sensitivity of it." performance to
changes in such parameters as cathode and •node posi-
tion l• great and it vas believed chie vould make It
easier to identify =Re effects of changes and galn an

understanding of =Re phenomena and mechanisms
involved.

APPAIMLTOS AND P_0Cla)_

A cross sectional view of the 7.0 ca die.

multiple ring cusp discharge cRamber used In the
scudy is shown in Fig. 1. It yak designed as a
flexiblc research tool in which the dimensions
labeled could be varied to determine chair effect on

perfo=manco. For this study, however, =Re steel

discharge chamber diameter and lenbch I d and the beam
dimcer db yore all held constant ac 9.0 ca, 5.0 cm
and 7.0 cm respectively. This short 5.0 ca discharge
chamber yea used to provide the flexibill_/ necessary
to position the hollow ca=Rode bach upstream and

do_cream of the ring cusp magnet reference location
shale near the middle of the chamber. The magnetic

field in the discharge chamber vas produced by C_o
radially facing ring ma_necs wi=R chair mid lines
located 0.3 cm and -3.0 ca upstream of che screen
srid and one axially facing ring ma_nec surrounding
the halley cathode and located on che upstream end of
the discharge chamber. The central ring magnet,

_hich Is located a dlscance 1 upstream of =Ro
bride, yak varied durin b one t&sc, buc =Re ring
ma_ec nearest =he screen grid and =Re one on =he
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:psCrean face remained _ixed throughout all rests.
Note :ha: the positions of _he anode I and cathode
1 are meast_red rich respec: :o :he axial reference
l_caCion at r.he center of the central (radially

facing) rln_ uagnec. Each rlng uaKne: is nutde up of
shall (1.2 ca by 0.6 ca by 0.5 ca) samarium cobalt
='Knee snKaencs with a screnKmh of 0.27 T at their
s_:faces. The rinks were forued by placing :he
='Knee segments end-re-end either around :he inner
circumference of the discharge chamber (radially
facing ='gneCe) or in • circular pacCern wlch an
approximate diameter of 3.0 ca (upstream umKnec).
The steel scrips and the washer, which are shown
covering the radlaZ and axlmlly faclns ='Knees
respectively in Fig. I, wars used co distribute :he
naKneCic flux uztlfontly over each rin K surface during
a test in which :he numbers of ='Knee sepencs in
each =ing yore varied and the effecrJ of aaSnecic
flux densi=7 _m discharge chamber perforuance vere
investigated. The cancalun loop sheds ehmm in
Fig. 1 has a fixed dimmcer d of S.2 ca and under
_he scrion of _he lead screw _td yoke lC san be moved
etcher ups:zoom or dmmaC=eam of the axial reference
Zoos:ion. Because anode locations ups:teas of this
location resulted in very poor l_trfornance and
ins:abilities tJ_sc pro,fenced _sr,8 collection, rem_l=s
per_t£ning only co de:scream anode locations

(positive val,--e of 1) _lll be presented.
A 0.64 ca dis cm3r.alca cube yes electron be---

welded co a _nl_m orifice place with a O. 76 an dla
orifice co form the halley cathode sham in FiS. 1.
Ic utilized a It-S00 Created rolled can:ale: foil

insert and yes equipped vi=h a sva|ed hearer co
facilitate sr_-_-_p. As the figure suKSosr-s =he
cathode is um_mcod in an electrically lusuLacing
boron hi:ride urn:rinK place/slam usembly, which
keeps iC isolated elec_ically buc alloys ic co be
uoved anLally Prom one cam: co =he next by :hen|inS
spacers eC r.he ca=hods su_porr_s. This useably is
sufficiently leak cishc co prevent sil_tfic_t
propellamc loaJusKn from =he discharge :hedger lace
the v_-mm syscaa. The ca=hod: orifice place can be

hayed _pscrum (sop:lye It) and dovnocredus (positive
1_) of =he mcLal reference looacion. The coroidel
c_mr_tlom kanper shown in Fig. l" has a O. 16 ca minor

dim:or and a 0.32 ca ='Jar dLsmecor, is positioned
O. 8 ms dams:rome of =he hollow ca=hod: orifice place

m3d is supported by =he boron ntc=ido mounting place.
Xenon prol_ll_mc which has been used in all

rears vu mzpl=lied =hrouKh bach the halley cathode
and =he main pro1_llanc feed llno. The cecal flay-
race inca _b4 chamber, used co cowpuce propellant
efficienctes and neutral aces lose tacos, reflected

bo=h of Chose uam_ed flora as ,well as the back_rlov
of xenon from :he vacmm chamber through r.hs I_:ide ."

The &:shed small hole ecceleraror 8zid (SHAG)
op:lcs seC h_Ls screen and _ccel hole diaaocors of

1.9 an s_ 1.5 n, respectively, end =hose holes are
az=an|nd vich a 2.2 -- cencerltne co cencerlino
spacin S. _he cold 8zid sp_£ns vu 0.6 m and =he
grids yore mmlnr_i_ed ac 750 V (screen I_ld) and
-250 V (sccel grid) for all costa. The expertaen_s
were conducted in a &6 ca dis bell Jar which vu

dho0t"_h_tTo_ _._ed co e b_u:kl_:°_nd Pr°Smx=e Lu =he l°vT_picslaoparacln_ presmLres usre in
1 lay 10 " ra_|e over rJ_ ranaa of

xenon flays used in =he rests.

a Fsrad_ probe v-- swept through the be*- _ ca
4mmsc=eom o_ =he 8:col l_ld Co nosm==e beam cu_-=enc

denaic_ profllus. The probe consists of 8 0.6 ca dLa
nolybdemm ieu _enc sonoin_ disc chac is shielded
frou =ha beam plum eloccroua by a s_tinlus stool
screen blued 9 V below I_om_d pocencLal and is
emclosed in a stainless scoel body. Filmise 2 shovsa
c_pical beam cuz_enc denoic_ profile; =_Ls one vu
meuu_ed jr. a 100 mA beam c_zr=enc (Js) and =he other
condiciot_ definod in _he legend by _£nul_ausously
inpucin S the ion current signal ;rca =he probe sensor
and radial position of =he probe co an x-y recorder.
C_u_enc density profiles yore s._tl_zed mmsrically co
decemLne the beam FLa_ss parsaecec and cecal beam
cur_enc (i.e., :he inces_acod beam cur:one) use:l-
aced vtth r_o profiLa. Integrated beam cuZ_:encs were
aluays found co agree vi=h dlreccly measured beam
c_:ancs co vi=hin + 10 t. The beam £rLae_ess par---

8E_4 _UJ_E_T OE_SITY

(_/ca 2}

XENON

VO" 40 V
J_- O.i A

Ob- 7_) Ca

0s` 5_ Cat

" i00 ma

t I

-iO 0 5 tO

lU_XL_ (cad

3.3 caii:,0o.
•

Fig. 2. Typical Beam Current Denslcy Profile

ecer is i smuure of :he _niformi=7 of the beam

profile and is defined as =he averase-Co-saxlaua beam

cuzTonc det_siCy recto mounted close Co :he L_:ide.
The =-l_ecic field condign-arian of a discharge

chamber _ been found Co have a susJor influence on
=he performance of =hac chamber and ic is _requencly
Leper:Jar chic =he field prevailins in a chaaber

d_trin_ a cur be described. This can be accomplished

by using iron filings maps and flux dmnsi=_ con:our
maps noum:ed in r3_o acL_Aal chaaber. D_zins the

conduce of :his york, however, lc vu dec_rained thac
a :SOlaCer algorir.ha developed by Arakava could be
used Co _enoraCe be=h types of ='ps reliably, quickly
and v-L=h relative eue so i: hu boon used co gener-
ate =he maps :on.tined in :his paper. The conpucer
algoriClm alloys :he _tser co enter pars:seers which
describe =he diechar|e chamber seoaec_. _e peru-
nenc nutgnec loci:ions in the discharge chamber and
=heir aaKnecizacion levels. The prol_:am chert solves

for =he =-Knecic field veccor potential ac each
eleaenc usin 8 =he finite elamenc as:hod. The uag-
necic field vet:or potential can be plotted u a
L'_mccion of peaL:ion in the dis:harp chamber co
produce a coupucer-generaced (pseudo) iron filings
map like =he one shmm in Fig. 3. This particular

mtp vu produced for a flus denoi=7 aeuured aC the

su=f_=e of =he steel scrips S_ of 1200 gauss and the
Keomecric dace sho_m in :he legend. Because :he
co.purer program Knnoraces an axls-s_nmecric view,
only half of =he =-p Is pierced, gy cakln& the

_cadienC of :he vector peCan:tel nap :he program can
also be used co generate a cone:an: flux densic 7
conCo_r _ap. Figure _ is a _ypical exaaple of such a

computer-generated naKnecic £r_us densic_ con:our ='p
for =he same discharge chamber and ='Knee con_igura-
Clan chac produced =he filings up shown in Fie. 3.
Ic should be noted chic the con:ours sho_ decreue

loKari_mically vlth dls_snce froa the discl_rge

I

STtl_.

Fig. 3. Pseudo Iron Filings Map (Computer _enocaced)
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chamber walls. Paps like thee, shove in Figs. 3 and
4 can be ussd to explain the effects of magnetic
field cl_mgee on discharge chamber performers. They

make It possibls to viov the sffects of changing ring
maltese positions and strengths on maKustic field line
patterns and _.ux densities in the dischargs chamber.

Tests vsre initiated by flooding the hot hollow
cathode rich xenon propellant and chsn applying a
sufficiently high keeper voltage (-200 V) to scare •
keeper discharge. After starCup chs kespet voltage
was varied as rsqutred Co maintain 8 0.1 A keeper
current for all testing. The cathode flovrate vu
reduced once chs keeper discharge had stirred and a
dischargs Co the anode, which was held it a &0 V

potential, vaJ established. The current being drawn
to the anode was maintained at appro14mJtely an
onpors by controlling the main and/or cathode mow-
rates until Thruster operation had stabilized. _car
a period of stabilization, casts _ro cyvLcally con-
ducced by setting the xenon £1ovrace Through The
hollow cathode co - 20 mA sq (Xe) and Thac into The

discharge chaaber co - 95 ma .q (Xm) while maintain-
ins the dlecharss voltage V. at 40 V The cathode
and discharge chamber flowr_CSS a _d _'A, the vacm_

chamber background pressure P , ClSs kes_er voltage
V_, The discharge current J_, %earn currsnc Jr, and

cecal ion production rate e_resasd u 8 cut,set Jp.
corresponding to this operating condition yore all
measured and recorded. Hsmauremant of The cecal ion

production current yea accomplished by biasing The
discharge ch_aber vails and screen grid 30 V nega-
tive of The halley cathode to repel all electrons
fro m _lll Jt/zfacsl &nd lineing C_Ii ion current
arriving at the discharge chamber magnet and yell
eurfacse J_ and the screen _id J_. These rye
lurfecss ve_e isolated from each oEher so chs c_tr-

tents of ion8 to ssch surface could bs separatsd.
Ths sum of Thsss c_o currants plus the bsom current
is The cecal ion production current.

JF" _V ÷ 3S ÷ Jg (1)

density and is therefore cs11,d the neutral denslcy

parameter, yes also computed using

;(_ " %)';c _;d ÷ _o% 6o*
_/ 2w mtk T O " JB" (4)

In ch£s equation, Ab the area of the beam, 6 the
transparency of the grids co neutral aces ba_k _lov,

mt the atom/_on mass, k golczmann's constant, • the
eleccronic charge and T the ambient _vscuum chamber)
neutral atom tempsraturg ere ell known.

A_ter all the currents (Jr,, JB end J_), the
voltage (V_) end ocher deca ha_ been rsco_ded at the
initial flay condition, the discharge chamber flay-
rate vse increased vhile the hollow cathode _lovrate

and discharge voltage vice held constant. Th_s
caused the discharge current and hence the ocher
currents and keeper voltage to change and chair nov
values yore rscorded. This process of increasing
dlschar|e cheer flovrate and rscordlng decs was
continued until The sccel grid L_pLngemant current
increased co -10 a_. The hollow cathode and dis-

charge chamber flotrrates were chert both reduced and
chs process of recording data, as chs discharge
chambsr _r_ovrate vas incrsas.d incrementally and the
cathode _ov_ate and discharge voltage vice held
constant, was continued. This process of reducing
The hollow cathode flovrace and increasing The dis-
charge chamber flo_rrate Incrementally cont/nusd
tmcil deca had been recorded over # vide range of
discharge chamber neutral atom densic 7 levels (end
therefore a vide range of discharge currents) at chs
prescribed &0 V discharge voltage. T_pLcally, chs
hollow cathode _-lovrats had co bs decreased from 20
to lO mA sq (Xe) vh_le the discharge chamber flovrace
had to be increased from 9S co &_0 mA eq (Xe) to
cover an adequate tangs of neutral atom densities.

The effaces of varying The position of the anode
and The hollow cathode vers _nvascigaced by first
placing the cathode at a particular location in the
discharge chamber and chsn movin_ the anode du_u-
scream in increments (i.e. once field lines located
progressively further from The virtual cathode). At

each anode position, plasma £on energy cost and
extracted ion fraction deca wore recorded as • func-

tion of neutral densic 7 paraaeter using the procedure
described in the proceeding paragraph. This process
continued until The ,mnode was so far duvnecreon of

the cathode chat the discharge currents drav_ co chs
anode vers sl_ll. The cathode was then repositioned
and The process of moving the anode and varying the
_lovracas yes repeated. The range of cathode peal-
cione £n_sscigated was from 0.6 cu upstream (L-

-0.6 ore) co 0.5 ca downstream (_c" 0.S ca) of _he
reference location.

A second sac of exper_ents was conducted in
which the effects og varying chs ma_ettc flus
densiC_ g. at the surfaces of bach Ths steel scrips
and the v_shar covering the ring ma_necs was

tnvestllatsd. Ths ma_nsctc flux density yes varisd
by removin S individual smsarium cobalt magnet
ssKnents from each ring magnet and placing a steel
scrip or washer of su_ficiinc thickness co produce a
comes, uniform su_fac, ma_ocic flux density ov_r

Kuovtns the cecal ion production current The plasma Ths entire surface of each ring maKnsc. This
ion snsrl[y cost e: (the energy cost of productn_ an rsquited chat The Thickness of the strips and ths

ton _n the plmma) and the extracted ion fraction fg washer be increased as the surface maanec£c flux
(The fraction of the total tons produced in the density wu decrsassd £n increments from 2700 gauss
discharge chamber chat are being extracted into the
be-=) could be computed using r.ha expressions

V_(J_ - Jp)

_p - j? (2)

and,

fs"_ (3)
Jp

The loss race of neutral stoma chrou_ the _ide,
which is proportio_l co the discharge chamber atomic

co 350 gauss. &c each ma_nscic _lux density
condition plasma ion energy cost and extracted ion
fraction data _rs recorded as a function of

discharge chamber neutral densit_ parmcer usLn_ Th*
• xp.rimoncal procedure described previously,

A final exper£u_nc was conducted in which the

upstream ring ma_nec position (_r) was varied from
2.7 Co 3.6 ca in £ncremancs of 0,3 cm to deCetl/ne
The effects o_ such changes on discharge chamber
perfonumce. The poslt_one of the anode and hollow
cethodo vers held constant relative co the reference

location on r,his magnet during the tsar, so maSnst
ring. anode and cathode vats all moved in unison.
The procedures uxad to umuure plasma ion snsrsy cost
data as a function of discharge chamber neutral
densic 7 paramat.r vsrs u described previously.
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Experimentally reassured discharge chamber
perfonJance can be described in terms of plasma ion

energy cost _P vs. discharge chamber neutral den•iCy
peramecor A(I - _, ) plots like the exa_le shove in
Fig. S. These particular data vats recorded using
the discharge chamber having the con£i_racion
described by the parameters listed in the legend vhen

the flux density g$ ac che surface of each nagnec yes
1200 /_me.

The _heory developed by B'rophy 4 suggests r.he

experimental da_a of Fi$. $ should be fitted by the
equation

.y - (; (1 - e_[-C 0 -'(1 - eu)]) "1 (5)

.
_en che parameters _ (the baseline plasma ton
energy coat) and Cn (the primary electron utilization
factor) are selectid properly. In the case of the
dace shove in Fig. $ 8 non-linear lease-squares curve
fir of che data yields the yiluas of chose parameters
given ea che figure. The dace and che curve show a

seed correlaclon becveen the dace and the modal chac

is cyplcal of all of the ras_ts obtained in this
sCu_.

|e" U c- x_
(e" 13 c= vo= dO v
{0- f.4 ©e ._- O.i a

i \ 'c" 0" c. as- '. c-
I_- iLq_ Souse _= U ca

. • -

w

• l .S .3 ,4

_umaL nmJTTY paauerr_ _cs._] _ eel

Fls. 5. Typical Dlscharse Chamber Psrfozlance Da_t

The primary eleccren ucillzaclon factor C. like
the o_e sea.need from the data of Fig. 5 deec¥1bes

r.be probabili_y chaC prf_u_- I elec_e_ coming fre_
che cathode erAS1 have Ineluclc collislenJ and lose

the bulk ef chelr energy before chey reach an anede

pocenc_al _faco. The bueline plasma lea energy

cost ,p ia che averase energy cent of producin 6 an
ion in the discharge chamber rhea che neutral density

is su_ficiontly RIsR so chac all prtnaz7 eleccrous
have Inelucic cell/alone before chey roach the

anode. Ideally, the baseline plasma ion energy cost

asmmea • nominal velue decoruined by the mype of
propellanc, r_o discharge vol_a|e Vn, and che
poconcial frm8 vhLch electrons ace _ravn l_co the
chamber V_ (i.e. the electron source peconclal).
Hoverer. _f all of _e Im produced in r_e chamber

are nec nsas_Lrad (e.$. seres escape co the halley
cathode or co the anods), or if _taxvelliam eleccreus

carry subscancLa_ amount8 of energy Co the anode, che

basellne plato ion energy cost % rill tncramas
above lco nominal value. The pa_cicul•r dlechargs

chamber used in chess test4 was deJt_nad so ion
losses co che hollo_ cached• and anode could be made

_lall co uininizo che effects of r_ese ion losses on

(p.
The ocher paranecer needed co describe discharge

chamber perforoAuce is che extracted ion fraction fB
(i.e. che fraction of'che Lens produced in che

dAschar|e chamber chac are extracted into cha beam).
This parameter _e a measture of che effectiveness of
the magnetic field in preventing che ions from
reachin_ discharge chaaber m_face8 and direccin_
them revard the _ride.

The advantage of describing discharge chamber
perfornance in ter_s of the energy cost of a pleana
ion (i.e. Cn and _,_) and the extracted ion _ract£on
f_ is chat Ehey make ic possible co Idenclfy the
agchanisus responsible for changes in disch•r_e
chamber performance. For exanple one can determine

if changing the location of the anode causes a

detrimental change in performance and If this change
is due to increased losses of primary electrons (a
decrease in Cn), increased losses of ions co hollov
c•chode or en6de surfaces or an increase _n the

average energy of Maxvellian electrons b|ln s
collected by the anode (an increase in *p) or

increased losses of ions co some ocher dlscharge
chamber surface (a decrease £nf.).

1c sho_id be noted Chaca k/Sovledge of the

values of _, Cn and f. le sufflclenc co enable one

to conduce the lssocia_ed bean ion energy cosms of a

chamber as _ function of propellant utilization
efficiency.

IF.ffect.s of _ Puiclon

The results of che study conducted by Hiact 1
shoved chac discharge chamber performance f_roves
vhen r.he shade Ls moved dovuscream of chs axial

reference looatlon _p to che point vhere _he
discharge is on the verge of extinction. Xc vac
su_escod chac che doguscroam novenent of che anode
LJSproved perfornance because it reduced che loss
races of hisher energy Kaxvellian and prinary
elaccrons, co the anode up co che point vhere cho
orchogoual line Incosral of che magnetic field
beCveon the v/renal cathode and anode sc_rfsces becane

Coo g_eac and _he discharge vo_d go o_c Similar
females veco also observed in che present scud_ vhere
• holler cathode m used in place of the filanenc
cachode. I/ovever. in the case of cho halley cathode

experlmencg, an actual exCincClon of the dlscharse

vu sac observed. Esther che dischar|e current would
decrease until ic became coo small to produce
s£_flcanC ra_ers of ions as the anode yes moved

dov_creau and che discharge volr_aEs and propellant
_lovraco wore held coustanc. The higher _he
discharge velmage and propellant flovraco che further
time.crass che anode could be moved before this
situation developed.

_pical experimental results obtained during a
Case Co f_veaclKace the effects of _vi_ the anode
on discharge chamber pez_oruance are presented in

Fis. 6. Theme results _ro qualitatively siallar co
chose obtained by Hi•co £n • s/_tilar discharge
chamber equipped vlch a filament cachode. The dace

wore recorded uslnl_ a chamber _AcR the dimensions
sho_n in che legend _en che magneclc surface flu_

density BS vu 1200 _auss. The data points shove ac
I - 0 96 cl vere recorded vi_h che anode Just
_strean of _ha operating paine _ere _he maxLm_us

discharge current chat could be dream _opped
prsclp/cou_ly sc ncmAnal discharge velcage and Cecal

_Ao_ cm_liCiOnS (_0 V and ;150 _ eq (Xe)). lc is

noted chaclov values of ,_, and hash values of CO
and f_ a_e desirable so o_racion rich _ fa_
dmm_rean (lease values of 1) is prsfe_red.

Because the propellant, 81schar|o vel_age and
electron source potential (keeper velcase) vere
con•cane for chess tests lc is argued chac che
decreue J_ baasl£ne plague ion energy cost vimh
dmmstream anode oove_nt is caused by the decrease
in Che mrale energy of _M_xvellian electrons bein K
collected a_ _e anode chac ha_ been observed
previously." This preferential collection of

proJ_assively lover energy eleccrerus as the anode is
uoved dmmstroam occurs because the momencuo cra_fer
collision cross section for eleccrot_ with atoms and

loruJ increases as electron energy decreases. Hence
as r_e vtr_Aal anode is staved further frou che
vtrcual c•chode (i.e. the anode is moved dovnScrean)

elscCrone vh£ch have che forest energies (and there-

fore have nany collisions) are mosc liMely to algrace

across uaKnecic field lines and reach che anode.
The, do_n_c_eom movement of the anode reduces cho

avera|e energy of the _ax_ellian electrons rlachin _

the anode and chis induces che decrease in ep as _•
is lncreued
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The primary electron utilization factor (Cn) Is
observed co increase as the anode was moved dov_.

morose, kcause :he prinry electrons have an energy

chat is hig_h cotpared to thac of _he 14axwellLan
electrons, :hey have low collision probabilities and
_here£ore cm_oC cross £ield 1in6s easily. As :he
anode is positioned _:her downstream :he nuaber of
field l£_s chat must be crossed co reach :he anode

increases, therefore :he primary electron loss Face
decreues and the primer 7 electron utilization factor
increases to reflect Chin.

FliFu:e 6 sho_n the extracted ion fraction
remains constant u :he anode is uoved dew.treat.

This indicates chat _e coral ion production race and

the beam current are cRar_Ing at :he om rate.

During cynical experiaen_ _e beam c_onc vac
observed to increase aa the a_ode w-- moved

_crasa and r_e dlscbarge voltage, current and

cecal fl_ace yore held constant (acco_llshed by

adJusclnS _J_e fAow distribution). Ic is obvioul f_om
lookinl at Fi I. 6 :Mac :his lncreue in beam cuz:enc
occurred because doumsCredm anode movement induces an
increase in C n, a decrease in %, and no cheep in f_-
PhTsically :his ecc_cs because :he euergy in both tAa

primary and lCsxvellian electron f_oups is bein4_
better ut£11zed co husks ions aad :he fraction of

chess lens chac escape :he discharge cl_mber into :he
bean reuains constant as the anode Ls moved

_e Ce_pe_ati_ _ of h&'zmo_oz' 7 l_Llamou_ and
Holler Ca:hades on Par_ez_co

V_en • filmer ca:hods electron source is used

one can control _e shape and location of _he region

free vRicR primary electrons ate supplied co :he

discharge, bu: vi:h a convantlo_al holle_ ca_hode one
is fluted Co elect:e_ omission fros a point on :he

discharge cheer cenceriLM. A question :ha: arises

Is _he_er a fil_aen: cathode e_Itrlng electrons f:on

_he sm point on a discharge cbaabor centerline

_uld give r._e same Performance ao a ho11_ cathode.

In order co address this question an experiaenC vac

conducted in which a discharge chamber vas operated
u_ing a hollov cathode and then a small diameter

(2 an) coiled filaaent positioned at the axial
location previously occupied by the hollov cathode

orifice. The discharge Chamber remained unchanged

except for the cathode substitution.
Flf_re 7 shove the comparative plasu_ ion energy

cost vs. neutral density parameter and extracted ion
fraction data measured with the cathodes positioned

do_nscrean of the cusp at I - 0.2 ca and the rest of
the discharge chamber paran_ters as listed in the
legend. The data show no difference in either the
extracted ion fraction or the prin_ electron
utilization factor, however, the baseline plash ion
energy cost for the hollow cathode is approximacel_
twice _aC of the filaaent cathode. These large
differences In baseline plasma ion energy cost can be

accounted for by reco_nizln s that :he primary
electrons acquire an energy approxintely equal to
_he difference between the anode and electron source

potentials. In :he case of :he fllauent cathode "..his
told be _he potenclal difference between _e

filaaenc a_rface and the anode (i.e. _he discharge

voltage). For the hollow cathode, _d_ere it might be
us_med :he electron source potential is about equal

to _he Meeper potential (Vv) _he appropriate

potential difference would-be :he _£fferonce between
_e discharge and beeper voltages. Xn :his case the
plasma ion energy cost would be given by

( Vo " Vk )( Jo " JP )
• - (6)

P Jp

The difference in plain ion energy costs given b7
• this equation and by Eq. 2 represents the energy cost

per plasaa ion bein_ used to operate the hollow
ca_ode.
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fr I.D
' I l l

O i l l .4

OINIXTY lee _ll-'l,aJlIsee.l

Fig. 7. Hollow C_:hode/Fllament C,a:hode Performance
Canp,_rison

_u_i_q_ r_e conduct of _be test vi_ _e hollow
ca_hode, _ke keeper voltage senerally varied fr_

12 V aC le_ neutral de.aries (high cathode flo_s) co

20 V at high neutral densities (lov cathode flows).
If :he elect=on source potential vu assuned co be

equal Co chat of _e keeper aC hllh neutral densities
(-20 V) and _q. 6 vac used to calculate _be plasma

ion energy cost, _ke hollow ca:hods data (circular

s)rabols) shotm in Fig. 8 _ere computed. Thee| data
shov good a_ee_enc between all parameters (.v, CO
and f.) for _e filaaent and hollow cathode clns

r_ereKy _gSesting _1_e hollow ca:hods operating power

hu been properly removed frou baseline plasma ion
energy cost. This sulpsts chac discharge ch-,,ber
perforu_nce with a hollow ca:hods and with a filament
cathode are comparable if hollow ca:hods operating
power is accounted for properly. It is noted that
usin_ the keeper releases moeoured at each discharge
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Halley Cathode/Filament Cachode Performance
Comparison (rich Keeps= Potential
Correction)

Yi|, n

cuzrenc canalS=ion =acher chan "..he co.cane (20 V)
value did noc _ssulc in che sane delr_'ae of sl_eeaenC

as thac shovu In FLa. 8. Uhen the variable keeper

v_lcase values yore _ed In Eq. 6 the values of bach
e_ and Cn d-,csCl£ned by the leuc squares fLcctn41 of
the dar.a'fo: _e ho],lc.w cathode depa=ced f:oI chose
for the filament caChode, gh£1e lc may be chac
elecc=ou a=e beta S supplied frol this hisher
potential as luJeper volcalIe chanses , more rese_ch
inca cho subject of halley cathode vs. filament
cathode effects on discber|e chamber performance co
erd_ance undsrscm_din$ of the phenomena chac are
occ_r£n K £s considered desirable.

r,ffKcs of _ Cecbodo Azia_l. Pamlc£em

Tests veto conducted in vhLch the mnodm position
end Ial_ic£c field corL_ti_urac£ou vere fixed and che
effect of halley cathode movement alan S the thrusts:
cenceclinc yes examined. Oischar|e chamber
pe=formancs plots like those in Yi I. 5 ,mrs generated

ac each cachod_ position |rid d£scharss chamber

performance parameters (¢=, Cn and fB) vats
determined f_om these clack ,,a_n8 Eqs, 3 and 5.
Fi_e 9 shays the variation in Chase p_mcors u a
function of halley cachoda pneiclon o_r the ran$o

-0.6 s lcS 0.5 ca. These dace sut_esc che priaary
electron utilization factor Is noC affected by
cathode position buc bach baseline pluIa ion eu_rf[y
cost and _xcracced ion fraction increase u the

caChod_ £s Ioved _pac_ssI of _ reference (cos_¢_a_
rin_ cusp) location. One of =hess offsc_ £a
bsneficial (£ncreued extracted ion fraction) m_d che
ocher £s cll_c_cal (£t_:reued ba_IelLue plamla 1o_
ene:_ cost). The face chac cheu curves shay

0._

"--" 0.38

_= o._

o.,

I I i I l i

-0,_ -0 I -0,4 -4._ 0.0 0 _' 0 4
HO_.GadCa11400_ POSXTICI4 [+©] (cad

Pal. 9. _fecc of _nce_llne Hellov Cathode _£al

Position on Disch_rse Chamber PerfecIauce
ParIcSrJ

I

0.1

s_tLl_ behavior sutsesca bach p-rm_rs era bein! _e- _L_ cI
affected by a COllO_ pher_u_non. The beJ_l_Or ehoM_ _e" _L0 Cl

Ln Ft I. 9 could be explained qu41ic4ctvel_ if _ II" 1200 gI_SIupacresi movesenc of che halley cacho_ causes a

/,o0fraction af the Lens chac yore bean i lear co the
chamber yells co be lose co the halley cathode

itself. This effect vould cause bach parameters co
increase v£ch t_pS_Cl mm CIChO_ _nc because lous
lose co the cathode are nor NUursd and ch£e l _ ]

cherefors causes a _crsue £n che .uured Ion / "! IproO'uccion _= vhich appears in che denomin4Car of che "_ 0 ! _ 3

IX1)rSIILOII'L,I ]_rOII Id_i_ Chase pKicsrs (II'qs.2 and _I xxz_c POSZT|OH (CI)

3) a=e coipuced. A development in Appendix A Iho_
Ln face chac the values o_ chess parameters ate -100

fB " "* 'P (7) -

A

vhere f_t and _: (identified Ln Fil. 9) aTs che values

of che _a_ic&rs associated vlch the cacho_

positioned _n che dermic:an rezion _ere che ions
1sic co the hollov cachod_ are lcm. Finally, lc ts

ncced Chac the use of Eq. 6 cachet chart Eq. 2,to
_-ce_m£ne values of zp frmI vfiich values of (p are
com_uced u a funccioh o_ cachoda position (i,e. Co
aCCOUnt for _OlSel aslociaCtd VlC_ che electron

source pocencial) causes che dace free Chess costs co
fall Inca even _ccer _sncitacive a_reamenc v£ch Eq.

7. )J.1 af chess results oaken coseCher suKesc Chac
Cite increue In extracted ion fraction induced by
upscrems cathode _OVlnC IS artificial and is
coIpenIaCed by s cor=espond£n| increase in baseline
plasma ioxl sner_y case co the point ,*here no
substantial nec effect on beam ion energy case Is
realized.

The reason ,,by ion losses co che cathode
incraua at ic Is moved _pscreI can be understood by

c_i_rln$ che cancerl/nc _a_aec£c _ux _nsi_

profile shovu In Fl_. 10. These NasuceNncs, _ich

CtmTLelqLll_ MA_MITXC
FLUX 0ENSZTY (gauss)

iIO0

_P Fit. 10. CencerIinc HaL_ecic Flux Denctcy Profile
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were "de usln s s Ssussmacer, show cbe cathode is
wvlng Into a progressively hlsher sagnscic flux
de_sl_y envircr_ent as lc is moved upstream. This
would be expected to confine electrons (and therefore

ions) progressively closer re the cathode and vould

promote ion losses co cathode surfaces at the expense
of ion losses co :he chamber valls.

Xt is noted char the data of Fis. 9 are llmlced

to upstream cathode positions greeter than -0.6 cm
and Fig. 10 shows ch£s is a region of negative flux
density gradient. _ovemenc of the holler cathode

_psrreaa of the point of aaxim.m flux denser7
(- -0.8 ca). hoverer, c•uxed the performance of the
ion source to degrade rapidly because of vhac
appeared co be a dramacic increase in the baseline

plasma ion energy cost thac overshadowed

correepon_ln s modest changes in extracted ion
fraction. Thus reec resulCs obtained by moving the
holler car_ode axially ouuesr overall diecharse
chamber performance u reflected in b|am ion energy

coors, which vary co first order as ,w/re, is
unaffected by cathode position as lon_aJ it is

dummcresa of the extreme, cencerl£ne flux deusicy
point. As rJ_e ramrods Is moved into resions of
higher flux denslc?, hoverer, • greeter fracclon of
the ions produced near the cathode appear co $o co
the cathode rather chart co ere chamber vails.

Kq_[.c Field l_fee_.s

The ma_ecic field con_i&_Ararion In a discharge
chamber is ilporcanc because lC muse contain the
Lone mway frum cbe chamber valls and near the screen

grid vhere they can be extracted Lace the beam. Two

crlceria associated vlch the malnsclc field char

should be aec for a good desiSn are: 1) a e_fi-
closely high magnetic flux density near r_e surface
of rJ_e discharge chamber yells re ensure proper ion
conCairment and 2) proper poslclon£ng of _be ring
leper so _Jle vir_zal anode field line rill intersect

tbe outer aosc rin$ of holes in :he screen grid.
These crlceria vere difficult to meeC simultaneously

rich ohm roll diameter discharge chamber used in

these rests because fringln B fields rended co

penetrate deep Into the chamber and reduce the lov
field strength volume in It. Hoverer, effects

associated rich chess criceria yore Investigated by
changin& eRe flux density of the magnets end the
axial location of the _sucral ring magnet (i.e.
vazTing __ shown in Fig. 1).

Vhen_che magnetic flux density measured aC the

surface of the steel scrips and vasher on the ,,a_ers
(Fi$. l) yam varied from 350 gauxs co 2700 gauss the
discharge chamber performance parameters varied in

the manner shorn in Fig. 11. These deca suggest thac
increased magnetic flux densicy induces 1) slishtly
:educed energy losses _hrough Haxvellian electron

ACCESS co _he anode ((_ decreases rich BS), 2)
improved primary elecc_on coucairment (C O increases
vl_h g_) and 3) is)roved ion oonrair_enc (f
£ncrea|es vlr.h B_), All of cbeee _.rende i_rcve
performance and _hey are most significant over ere

magnetic flux densl_7 range from 3._0 co 1200 gauss.
Beyond 1200 gauss the lmprovemenca in all of the
parameters •ppe•r to be small.

Some insight into Chess trends can be gained by
considerin_ a _pical pseudo iron _ilings map
(Fig. 3 - _he shape of _he lines in this figure do
neC change si_niflcantly vlth flux donetS) and
pertinent megnecic flux deneiC7 contour maps
(Fig. 12) aeeociaced vich the discharge chamber. In
viewin_ Fig. 3 It should be recognized ch•t ions and
electrons can diffuse readily elong field lines and
rich dtfficult_/ across them. They can r_herefore
diffuse readily (ac r_he ambipolar diffusion race) co
cusps where electrons rill generally be reflected
because che pole pieces de net serve as anodes in
this thruster and si_nlficanc mmbers of ions rill be
lose co the ring magnet surface. This ion loss rare

is believed to have a relatively weak dependency on
ma_neC strength. Ions and electrons can also be lose
by diffusing sore slovly (ac _he Boha diffusion race)
across field lines; electrons beir_ lost co the anode
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Fig. 11. gffecC of Na_nec Strength on Discharge
Chamber Perfornance Parameters Fig. 12.
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bnce they reach the field line vhich intersects :he
anode and ions being lost co :he dtscharle chamber
v•lls. This ion loss nech•nism _BOFdt diffusion)

decreases •s the magnetic flux density increases buC
• t some maKnacic field screns=h (preaumabl 7 near
1200 gauss in r_e rise of :ha chamber con£1sur•tlon
associated vi:h :he dec• of Fl S. 11) the ion loss
rare co :he valls becomes small camp•red co :he ion
loss rate :hroush :he cusps.

Figure 12 contains magnetic flux density contour
naps vhAch shay =he effects of surface flux deneiCy

on masnaric fat-, density In the discharse chamber.
uparlaon of File. 12a and 12b shovs considerably

hiKher flux densities develop :hroughout the chamber

vhet_ :he surface flux denJic'y SS is increased frol
350 co 2700 g_Asa. Because :he goha diffusion

coefficient varies inversely vi=h flux density,
• leccron and leu flay •cross field lines co :he anode

and re =he chamber vail wall be subsr_mClally leas in
the hish flux densi_ else.

PosicionAnS of =he tin| aasnec so Chat :he
virtual anode field line intersect• the ourentost

rims of holms in :ha screen f_id l• •leo important in
detemimLng che overall performance of an ion
rJ_usrar. Uheu _ virtual anode f/old line

incersecCs chorea e_cer holes, • lar|ar fraction of
:ha neutral• are utilized because they cm_o: escape

=he chamber without passlr_ =hrough a zone vher• :ha 7
can be lm_tzed. Utllizxcion of =hose additional
neutrals increases =he b•am current _hlch can be

excr•cr•d from the dischar|e plasma and lncreuas =he
unlfornlCy of the beam current denslcy profile. The

parameter r.h.acdescrlbea =he unlforalty of :he beam

current deneiCy and =hereby in_ers =he prozLelmy of
=he virtual anode field line surface of revolution to

the surface of renmlutiou of the field line passin S
chrouKh =he o_centoer ring of holee l• =he beam
flatness parameter (=he ratio of avera$o-co-peak beam
current density measured near =ha grids)•

In r_Ls sc_ty =he central tin S masher vu moved
axially (._ of Fi S. ! vas vari•d) in orchtr CO induce

saws desre4 of 8mveaenr in :ha virtual anode field
line and =he beam f'l•rnee• p•rmlcer and discharge
chamber perfontaz_e paramcers wre ue_Jured as •

f_mctlon of =his movement. The effects of varylns I

from 2.6 co 3.6 _ ou beam flacuess par---_er and cl_
dlschargs chamber performance parmcere at, Cn and
f, are shown in Figs. 13 and 14 for :he ca_e ,dSere

Cfle anode and cathode poeicicms (/a and _ in FIS. 1)
yore held constant relative to =he tin S dKnet bein$
moved. The cast yea couducto_i In =his v•_ because

earller test had eusseated r_ac beldam S 1. and Jc
constant should tend re hold baseline plaJma ion
enerS7 coot ,_ and prinaz? electron utilization
factor Cn rel&ttvely cou_ca_c. The taste veto
conductea using a ring magnet surface Tlux density of
1200 gauss bec•uxe lesser values yielded poor
performance parameters (FIs. 11) and hlKhar values
tended Co reduce =he vul tm- 0£ =he lov malDnetic Lrlux
deneiC 7 volume tn =he chamber (FI S. 12b). The data
presented in Fl 8. 13 shay an increase in =he flatness

par_cer u the rim S maf_ec position is moved
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Effect of Rin K KaKnet Position on Seam
Flatness parameter

upsCra-s, presu=_bly because ,.ore of the screen srid
is exposed Co :he unifor_ density discharge chamber
plasma. This sugsescs :he optics system £s balm S

• used more effectively and less unionized propellant
is belnS talc because of a non-mallet u £onizin S
plasma across the srids (a face chic vas also

confirmed by independenc propellant utilization
efficienc_ measurements).

If :he race at vhich ions are being extracted
into the beam increases :hen one mlKht also assume
that • slailar increase in :he extracted ion fraction

should occur. Hoverer, the discharse chamber

performance data contained in FIs. la (bottom plot)
show :hec :he opposite has occurred; thac =he

extracted ion fraction decreases as :he rin_ magnet
Is moved upstream. Examination of the data sus_escs
=his occurs because of increased losses co discharge

chamber vails, The other performance data in Fig. 1_
sue, Seat =he baseline plasma lun energy cost sees
=hroush • slight minima and taken coKe:her =he" deca
suKgsst =here is an optimum rin| magnet position near
3.0 ca.

_- 7O

I+!"I
o

ii ""LO at Jr" O.i
02 cm qs" 7D ca

BI- tlO0 ga,ss Is- $2 c,t

"_ ' ' ' I I I

! "i_e t0 c_- 0s

m

e_ o , , , , , ,

o._._ 4 , , . , ,

0 |.6 _.0 3.0 3.| 3.4 3.8

XlNe x_vl' I_XTI{IX [[e] [col

Yi$. 14. F._fect of Pin s HaKnet Position on Discharge
Chamber Performance Parameters

The rea_on =he exc=acted ion fracClon decreases
_hile the beam flac_ea- parameter Increues vhen the

ring carp Is moved ups'Cream to • position 3.6 ca from
=he l_Id pie can he seen by comparin| :he i"lux

denslC 7 con_our map in Fig. 15 vi=h =he one in Fi E . 4
(which per_air, s re I - 3.0 ca). This cosparison
shows =hl naKnetlc _ux denslt_ near the dlscharse

chamber vail becveen the tvo radially facing tin S
mal_tecx decreues u :he central mas_ec is moved

upstream and =his vould be expected co facill_ate
diffusion of ions •cross field lines to r.ha vail• In

face increasing =he value of __ from 3,0 :ht°e3"6 cacaus•s =he reassured ion curren_ gstn S co

dl•charse chamber vail co increase 30t and this
causes the corTespond_ns 30t decrease £n :he

exrra_ced ion fraction shosm in Fi S. l&. Comparison
of Flp. 4 and 15 also /_/lcaces :he diameter of =he
lover flux deneicy re|Ion near r.he _ri_Ls tends co

l.:hi,ffincr'"'."i. inc...d . I. beli..d It• chat causes =he beam fletnees

paranecar to increase WA=h _r"

4 -
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In order co produce a mo_ecic field

conliguracion chat would produce good discharge
chamber performance and i flac ion be--, the magnetic
_'lux density user the wall should be large enough to
prevanc ion losses chrou6h Bohl diffusion, yet alloy
the prilaz 7 electron plasma co occupy • large
fraction of cbe discharge chamber voluae adjacent co
the grids. In costa conducted rich a filament
cathode, small diameter ion source, this condition

vu approached by using a high flux density ring
ugnec and setting the diameter of the annular ions
of electron omission from cha cathode co a
substantial fraction of the source dAamecar. This

made IC posaible co achieve relatively high primary
electron (and'choreforo plamll) densities over a
richer large voll in Che diacharli chamber and
still limit ion diffusion co the chamber villi. For

cha present study _are abollov cathode vu being
used, on the ocher hand, the paine of electron
injection re--ined on Che chamber cancerline and

alcarins _a upecic field so _he vol_me occupied by
the hi_ derwi_ plasma could e_pand also
enhanced the race of ion a4ffusion Co the chair
wails. Ic is arid therefore, chic Cha siimlti-,_lous
raqulr_ncs for iov ion dLffusian leases and

substantial plasma densities near the ouca_ac grid
holes Canal co be mur_ally exclusive in small

diameter, hollow cathode dAscharsa chambers of era
investigated in chia amy.

aN_JBirm_

By examining Ohm effects of changes in bellow
cachode dAscharge chamber porfornance parameters

induced by chart|as in discharge chamber diaensiome
and sMt_nacic field sCrengChs ic la possible co
examine specific physical phenomena chac induce

ch_nsas in discharge car perforsance. This
technique has been --ed co ldmncif_ Cha effects
induced by changes in anode end bellow cathode
position and ascetic field acrenlCh and geometry on
the por_orsanea of a ran S cusp dLscharge chamber wAch
i hollow cached4 elect=on smurcc, r.hree mal_ec rin_,
and a 7 cu dla beam.

bmalco obtained rich the anode positioned
_craam of a ran S cusp Lu a hollow cachode

equipped discharge chanberlara qualitatively slailar
to cheer obcalnad by Heart: using a discharge chamber

rich a similar beau die.cot and a refraccory
filament cathode. Move_c of the anode downstream

of the ring cusp coward the grids reduces the primary
electron losses Co _e _ and causes _e prlry
electron utilization faccor Cnco increase

continuously up co the point _hare the discharge
Lsq_edence hacoaes as great chat sisniflcanc discharge
_en_ can no longer be drawn w_chout Increasln_

the dischsrge voltage. Vhen cbe hollow cathode is

moved along the chamber cancerline the extracted ion

fraction and baseline plasma ion energy case change
in such a way chic choir combined effect on
perforsance Is also nil provided _a cathode Is noc
moved u_scream of che peak cencorlins ncgnetic flux

density. Moveaent upstream of this peek causes a
rapid deKradetion in performance as a result of ion
recombination on halley cathode surfaces.

An increase in the surface flux density of the
ring magnets improves the confinement of both primary
electrons and ions Up tO a surface flux density of
- 1200 _euss. Increases in surface £1ux density
beyond this value induce negligible sddicionel
improvement in the confinement of each species.

Upstream movement of the central ring u_uet in the
dischartKe chamber introduces coupetlng perforaance
effects. It causes the volume of the ionizing plasma

adjacent to _he _rlds to increese while at the same

time allowing increased ion losses Co the dischar_s
chamber yells in the region between the dovuscrsam

and central magnet rings.
_hen i all diameter filament electron source

is s_eCi_ted for a hollow cathode the primary
electron corJ_lnsmenC end the extracted ion fraction
characteristics of _e ion source are unaffected but

the b--elias ener_ cost of producing plasma lens
decreases by an amount equal approximacaly co =he

keeper voltaic.
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_XX A

vk. _J_£e_co of Xon Iasm co Cachodm or Anode

ku_nces an Dry.harp Chamber hr_ormsnco Par=--cars

Vben ions produced in a discharse chamber are
lose co an anode or cathode surface, r_hey cannot be
measured because they cannot be discin_lshed from
electrons chat mast _ov co and from those sub:faces

Co sus_in cha plasma dlscharge. _cause of _is a
discharge chaaber alteration chic causes ions, which
had been gain s to a chamber vail where they could be
measured, co go instead to a cathode or anode surface
,muld cause an apparent increase in bach the
extracted ion.fraction f. and the baseline plasma ion
energy coac i_. In orde_ to establish a relationship
between the a_parent and true values of chase
paramecara the followin s definitions are offered:

ep • The c_us plasma ion energy coac (based
on all lens produced _hecher they can be
measured or nor),

ep • The apparent or measured planar ion
ener_ eeoc (based only on the ion
currants going co surfaces vhere
measurements can be mode),

JB' JV' JS " Measured beam current, wall
current, _ screen cu_rsnt,
respectively,

JL " Ion loss current chat carmot be
measured (i.e. going to a cathode or
anode surface),

_B " The true extracted ion fracclon (based on

all ions produced),
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fB " The 8pparenc or measured extracted ton
fraction (based only on r.he ion curTenc
chac can be measured).

Since the pover bein s used co create the pluum
ions is the same ressrdlese of r.he accouncin$ scheme
used one can vriCs

P " (JB ÷ JS + Jsf) cF ° (JB + JS ÷ JW + JL ) 'P" (AI)

Further, the c_'ue and apparent extracted £on
fraccions are $1.ven by:

"JD

"B" (JB+ JS+ JW+ JL )

and

Jl

fB" (jB+ js + jM ) . (A3)

Cosbinin$ lqs. A_, A2 and A3 co ,l£nmimtco r.he
currenu mm obr_tiM

_.Z. __A (A4)

ep fB

This eq_tClou can be irr£c_en in terms of r.he bame1£na
plasma £on eners7 coic (%) usins Eq. $ and since the
pciJ_ry electron ucil£zac£on factor Cn £s noc
affected by ion losses Co the anode of csChode (see
F£8. 9), the reeulc£n$ eq_mc£on can be e£mp1£££ed
f_r.her co ob_£n

_p

Hence plum £ou losses Co sheds or car.hods surfaces

v£11 tnduce £ncreues £n apparent ,xcr1,:ced £ou
£reccion and apparent buo1£ne plasma ton ensrKy cost
chac are proporciorml Co ue.h ocher.
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/dI.S'fR6CT

A machodolol_ chat can be Used co docorn/M
vhich of several physical cou_trsinco ca• 14-it ion

chr_cor pover and christ, under v_rious desilgn and
operetln 6 conditions, Is presented. The math•doles7
is exercised cc demonstrate C_ical 1Lm_cocioum

imposed by s_id system span-co-pp carlo, leer•grid
elec_ic field, disclu_|e chamber pmmr per uz_Lt

beam •re•, screen _ld llfec_ sad eccelsretcr IFtid
lifst£me cct_trsints. LLmiC6cior_ ou paver _d

christ fcr • chr_cor defined by cyptcsi dLJchar|e
chamber and srid system p_rmecors vhen £c is
operated at u_xLmum chr_t.co.pove: •re disc_sed.
It is pointed out chac oCher operational objectives
such u optimization of peylo6d fraction cr •lesion

chorea•on can be substituted readily for the Chr_SC-
co-povsr objective and chac the maChodolol7 can be
used ms s tool far "_Lssiots analysis.

_CmCTZCiJ

:on chrucors •re vet T iccraccive prop_sion

dm_ces noc oo_y because of chair hiSh efficiency
h_ SpeCifiC _J_tL_Se cepsb£1£cioo b_c alsc

because Che 7 8_fotd desi_rs and poconciL1 users 8
Stoat deal of bsign snd operac£ou_ f£ez£bllLcy.
Ic _s Sen•felly reCCl_Lzed, hmmvec, cl_c
operations1 Lrt.exibilic7 (s.C. chrocclesbil/t'y)
carries v£ch ic • price of • I_eacor syscom
complexity chac say not be Justifiable for may
_ssions and £c sho_d be _cad chat daei/_u
f_.szibllicy sloe hma ice uz_ccrsccivo up•ace. _c

cms for exsmple oonJt_re zp f_proocious, pa_ic_l_rly
£n the el•do cf chose vim do noc york d£rmacly rich
ion chr_cors, chic they mrs coo complex. In orc_r
co overcome this coarse, the york described heroin
h_ been undercokon _nd a free•york v_chLn vhLch ion

chruJcor pe_cIs _ doeisn £n_o_cion can be
presented _n • simple, sully undmrscood vey has
bee_ souse. ZC £e hoped Chic chic _echodolcl_ can
be Used co fac£$£coco coumm_c_ciou, cuch_, and
• n £doncificecioo cf the mast ptoducciv_ •ceu fcr
research and dovulcpmnc in supperc cf • vareecy of
prop.s/on system objectives.

The dmmlev_nc of ch£• mchodolcly uLjhc be

pursued In corms cf empir/cal relecioa_bipe 1
follmrln_ Che2coclmlque8 _ged by l_Vers and 18vl£n
and by 9Tars b_sc the desire co u_e tc far co6ch£n S
purposes co.plod _ch the fNc cksc bmaic aodolc
dolCr_il_ iO_ t_t-"tlJCl|J _ beCOll ivllllJ_'le lince
r.heir work vma lmbl£shed, kss prompts• _s in•cared Ca
bes• cbe doveloVesnc o_ b_£c pbys£csl mad•Is.
_There parm_cors az• csqul=ed f_ ch_s dovelopaonc cc

_:couno_c• non-ideal behavior, cry ecr_mpc h_
been •ado co use parmcocs chic •re phye£cally
munJ_, co.only Used and theoretically bued.
The objective of chic paper i• co present a
machodolo_r chac can be ned ca oscoblisds • link
beer•on ch_cor doCile, opersciou_ sad n£ssicn

per_mecors in order to determine _h_ch of many
possible petfOZl_nc•-l£m£cin| phencmer_ rill

dom'Lnmts tn • p,_arcicular sic_c£on. A second
objective is _ to •stablish • technique cI_C can be
_ed co present information on chic subject £n •
umsmor chic Is both •uy Co visu_ltze and
understand.

IY

The cannonic•l dosign vet:Lebles ueocieced vich
an ion chr_4cer •re cho specific f_sle• •c vhich _c

cpermCes (Is.), los beam area (A_) L,U:l LOS beam
paver (Pa). rGenerelly, one _ould'vanc co prescribe
Oh• specific L_p_lss and boll ares of a device tad
Chn dec•ruins the beam pev_r ac vhtch It could be

• peascod m_lmt 8 siren sec of doell_t, operational
and m_ssiotr constteinco, so In chic chrv_lo1_enc
specific f_p_lse end beam •roe rill be •roared u

independent vari_blma and beam po_r rill be crested
u che depend•no v_uriable.

Eumplss cf physical comae:liars vhich have
bean found co 1_mlc che bean pover st vhich a
ch_aacmr can opec•ca include:

ChrLd eTs_m _smt._o.SI p reels. This constraint
is docoZl_nod by ones 8b£1£cy co hold ScicLs
cloN copcher in _u environment of che_lly
induced disccrc£on _nd in ease sicuat_.ons
silp_ficanc elect:•erotic atcrae:cion. It is
in_r_ueucsd /_setly by mechanical dostf_n end
fabriceciou cc, u_doracioma and vh£1s a value of

_00 8_ShC_ considered • re_sonebis l_ic for
convent£omtl circular I_r£do, che use of

£nC_el_id cu_orcs or non-circular (e.g. 8r, z_.
l_r or r•cCazq_c i_rido) co_d facilitate
sub•cantle1 _ncrsu•s above 600.

el_z_Lc ff_ld. _coesively hL_h
elecc=ic fields beCVeen the screen sad
acceleC&Ccr _ido of • chr_scec result £n

electrical breakdovu _nd an inability Co
e_C 4_ lan beam. This _:LlliC iS ID-F1usnced
by such factors u the s_:face ff=lsh and _n£.
fcz_Lcy of the incraSrid spacin 8 and typical
vsltm• tn operac£r_ chr_cors have |ca•rally

banu about 2 kV/m t_choush uuch hlsher values
have ben reqmrcod.

IkLaehmCll8 pruner per un£c beam sz_m. This is
• ccu_lly • hut transfer 1L_Lc ch_t is Lltpossd
becmu_ components such u ma_cs, m_odme st
_ido :_u mrheat f.f che heec remove1 race is
£nadoq_co. This co_st:sXnc Could be rerun-
laced in corns of specific be_c crmxsfer

lL_LcocioM fcr particu_ reap•hence but for
r_e illus_acive p_rposes of Chic paper, ic
_r111 be umsmd c_t _.he •ll_tsble diecb_|s
po_er SCales directly tr_ch beam ores and Chat •
14-4= in the canes l_ co 30 kU/u: is
renan•hie.

t_tgork mspporced f_ p_rc by NASA Granc !1C_-06-002-112.

_l_rnfamsor, Dept. of _echanic_ Znu., _amber _.
_Hesd, P18m_ So_rcma Section, Io_ Physics Dept., Kamber _ZAA.

Ks•seer, Ion Physics Dept., Nambet _I_q.
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Scroms _d l££ec£m8. The lifetime of the
screen srid as yell as ocher components exposed
co the discksrse plasma is 1salted by the
process of ion-induced sputter erosion.
Typically irids and ocher couponencs have been
dmslKnod co have lifeCfJNS in the ranis of 104
co 2 • 10' hours. Those ll£ecises are

LnLr_tlnced by the materials and iotw involved
and by r_J discharge _olcajo.

_].o_aCar arid lifacimm. The accelerator

Irid is exposed co anal1 currents of h£/h
eu4r_, char|e-oxchan|e lor_s chaC 1£8£C ice
lifetime chroul_ sputter erosion. This grid is
C'Ipically dssi_ed co have a lifsc_Jto in chs
zam_ 10' co 2 • 10' hr rAnie chac the screen
lrid has.

The 8bo_s list of constraints on ion chz_ster dmeif_n
Ls rot e_n_tive, buc _hoy represent constraints
chac have been eric••cored and Obey can be _sed for
purposes of lllucratlon.

A credo-off exists barveon the propellent and
povor roq_remonco for an ion ch_scor and for chis
rouen a preferred operetin S point or epers_Lew_
e&Jee_Lve axisco. The sum selected ln_r_uancza the

severity •f each of the daslSn co_sCr•lnco identi-
fied above. 0moo on objective chat requires
ol_racion, for mu_plo, ac the point _dssre the
ch_cor vtll produce m_us chrumt per unit input
paver or _tistm payload fraction on • prescribed
aisslon has been identified, one con define r.he

extent of clw pmmr llJLLCs cited In the pracsdins
parasrs_M. For abe purposes of chit scud 7 lc rill
be usumad chat the ch_cor is co be operated •c
abe point of mz_mm ch_zsc-co-pm_r, but lc should
be recosnLzod chac this sddicioMl f_mt, vhich
co_d be math more coupisz, misht come for example
fron on •lprichm cbec ogtJ_LZel i uSssion
obJ ee alva.

Ih._. ---_PJl =-.-L r

The beam pover (PI) produced by an iou chr_scor
is mcprsssed moec simply u cbe product of bern|

curTenc (J•) and beam (or nat accelerscinl) _l_aso
¢%).

The beam cu_onc in this equation is related co the
peak _unremt da_sicy beinS extracted chrou_ the

Zrl_ (J...) and r_. be-- •re8 (_s) =brw_b cbe be--
flac_5oss-II_[_msacor (IF) vhich is daflned u the

ratio of mrsp-co-p_|k ion bus urront deuicT.

m - _¢j,,,,.,, %) ¢2)

It is _ocod that the _at_ass parameter _m be
calc_cod for • _ivea dla_|pm _ber win_rJ_
f1-_tco olonRe r_J_tqu, d_velo_4 by J, rskmm'.

The uaslmm _u_rut dmwlcy e_iliey of •
grid _et Ls doco_ninod by 8p_s-e_arso llalcoclons

vblch usy be dss_rlbod _roxl_coly _s_ cha o_-
dimulo_.ly b4u_t Chlld-_ l_m.--

The porni_tlvic_ of fr** space (_.), _bo eloc==ou
char|e (o) end _o Lon ms (o,) EVpearbq in this
equation ate knmm cmwr.onc_ a_d cbe coral

acceisrsc_ _olcop (VT) and =he sereeu f_ld
cronSl_rm_r co Im (6.) are ot cbe control of _he
deeismr red/or operator. The ion e_rone &_wic_
enhoncemmsc f_cor (_)_) is a f_r chat viii be sot
oqu_ co u_Lcy for oh/ purpous of this paper, b_c
it could cake o_ v.2uza Sre_cot ohms u_Lc? co

• eeo_nt fer t_e f_tea_ed euzTont dentiL7 c_lli-
r.les of srid_ _hsm ions _pproar.h cho_acnma I_ld
plzama shssch at umu-zaro veloeitiss" _r hlsh easr_y
oloc_m are bsJeccod into ch_ sheath co 81ciSsce

the space-char_e limicacior_ chac c_volop chert.
The final factor in Eq. _. the effeccivt ion
acceleration lensch (I). is the or_ c_c is limited
by span-co-s• p and electric field consideracious and
the £mposlclou of chess con_cralncs vill be consid-
trod In heal1 MXC. TC Vii1 be allld _C the

velum of I is the same for each aperc_s soc over
the encireelrid surface for chls d_velop4_nc.

The cecal accelsrscin$ release chac appears Ln

Eq. 3 con eliminated in favor of the be d" release by
incrod_ln& the noC. Co* COC81 acceleracin_ volcals
ratio (It)

- VB/V T . (4)

The be.-. voltaic can be related co the specific

llpulse (Is_) by rocoKniztr 4 chaC the specific
Lmp_Isa is P_efinod u the chr_c (F) per _mic

velsht L_ovraco of propellent (u lot )

lsp - r/_ Is o , (5)

chat the chz_t is liven by the _aen=va equation

F-['-qu] [U Fc o] . (6)

and chst the ion ezha_st velocit-/ (U) is related Co
the been _olcalo chroutb the conacr_ac/on of eMr_
expression

v_. - s I _2/2 . (_)

In Eqs 6 ch_ product of prol_Jllonc asss
lris_c•co (i) and propellent utilization efficionc_

). vhich is the first bracketed corn, represents
irlmts_•co of chris producin t (high veloclry)

propellant m_d the second bracketed ceru represents
the effective Jet _locl_ of _ beam ions aloes
r_e thrustor axis. This second coru includes _vo

thrust attraction factors, one (Fc) chat rs_ecco
the f_C chac •any im veil m_le frm abe l_id
system on diverlonc C_aJeccotias and a second (a)
chat aceounc_ for the fact chat Ikt. 7 describes the
wslo¢it-y of el•sly ehar|ad ions ovtly _n in fact

8_o maltiply charsed 8ions _11 jeuerally be
produced and ez_raccod.

Conbinin8 ks. 5, 6 and 7 the desired
• zprzaslon for beam velcole in corm of specific
J_mlza is oh=aimed

and _hia ua_ be c_bin_d viCh Eqs. I chro_ 4 co
obcaln

(8)

PI " 2 3/2' '. • L'- 't "J ¢9)
Iq_ttton | bfl_! b IJlis8 peter co_sc:ainc

umocLotod rich abe ion ezc:accion proeess for In
ion _cor sm• L'm_:tlon of ice beam area _d cha

specific Lu_ at vhlch It is co operate. T_o
physics eo_t_sincs, one uaceiscod vich the
• llovsble _on'co'SmP ratio and the ocher _._h the
usxinm •llmmbis sloe.is field bectmon r_be Fide,
actually •lye fron this equaclon _ che

effective ion accolereciou lemsch (1). The fact
chaC propellmst Utile•scion appears In the equarion
also serves u • reminder chac an operational

objective mwt be defined before unique ltJ_cin S
v_ltae8 Of _ pm_r can be caIp_lced aS • fqmccion
of specific Lmpu_se _d be--- area for obese eve
physic81 consc:o_co.

• pm-,:o-Cqp he:Is, _.m,.tm:

a.l,lsvebls sl|an-co-lsqp rm|:io (!1) .usoolacod
vich cradlr_oe_L i_id seco is the Srld df_mcor-co-
spacf_ S races. In order co accNmod-,co non-circulor
bemn troll ÙSCtiOml. however, chls ratio vtll be
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SCREEN I 01SCHARGE

HOLE t PLASMA

SHEATH'-_.__.. _..

i!i!::!iiiiiii!i!i_i!i:!iiiiTi_, _T

DOWNSTR JAM !!ii!!ii!i!_i!!!!t_i::.iiT! 1

?:i:!:!:i!:2:_:i|:2:i:?:!i:?i_. TO EROSION
:i_:i:i:i:i:i:!:_i:i:i?:i:.-::P.s-_,9- _ 0E CEL

R[BION

111. 1. Al_rc_rl lysl*l ;*_I1'?

detined her• usf::S an squivelanc beam dimecor and
che srld np*r•ciou vtll be |t_n b7 che ez_rss•lon

If :he paver required co operere • dis:horse
chamber bscooel ¢oo Irelc, l_Ch failures ss :hOle
_sociacsd with u_•:. screen srid or anode
overhear&n| could occur. Of course :he ollovabls
dimcharp payor vould scale vl:h chc_scer size and a
roviev of l_..lcin I diechJrlo pavers on :hruJcsrm
havtn$ v•r&o_ diameters ha_ on|leered Chac ic is
probably :he dimcharp paver per _nic be.-- ores

(PD/kl) choC c_fines :his constraint.

The dimcherp paver can be expr•ssed in csru8

of :be snmr_ case of i beam Ion (c I) chro_q_ :he
equation

% % (l_)

Combines I Eqm. l. 8 sad 13 om can obr._&n

,,. L,u', "J (l,.)
The beam ion 4ner_ eo•¢ •ppear:Ln S i_ch/8 equation
am be colpuc•d uain I Jrophy's social" in r.be font

[ [ ]]'*'; .,o(1.,,u)
II " fl + _11 (159/'Z-L-R.

48 " _ (10) v_re :ha ban•line plasma ion •rmr_r co•c (1:) can

be. compucod vben che propeller _nd dis:her I&
preferred ion _ccolsrlclan loach for _a• in _o_c_p (V_) _rs proscribed _d c_e ezcr_cced ion

_q. 9 (vblcb is based ms one-d_me_lou_ cheo_) fra_clou (_) and :he fr_crton of :he ion produced_mtJ_d be _ sum C_C tm_d yl•ld _ beam cur_enc
cbac So co _ecbode poconcial m,r_acos (f) can be

deuaic_ actually 4_z_raeced free I_creem/_ccel _rid dec•n_tned vhen :he upcic f_sld and oil:erosap_tcur• pai¢s in t4sal: i• really a cvo-d£mmn_Ioual
i._ree locaclon _• mpeci_lod. The p&rlc•r |_ Is

pro_e••. Oua _81um of 4• r.hal •hould cow clo•• co Sire u b7
doin_ oh1• is illustrated In FI|. 1 sad muminacion

of :he I_lmr.zT o_ chi• Eil_r• mq_•s_ 4 Is • #' 1" _,
foisted co :be srid sops.ca:ion dimcas_• Sl_m by | - _ C - _ ILl r16_

zq. 10 chrou_ c_ mint.alan o • =1 Vo #o _*S_ " "

4• - + •
l= should be eared her• _ac _. 11 _ffer• fz_m r.be

t:_adicio_
the screen _rid

chtckn.u (c.). If the screeu srld chicknus l•
lm_c mac •_ _• ex_rem•im_, :he Impl/c_ciou is chic

ch_ _creeu hole mb_ch pesicim_ itself cl_oe co the
d_c_emm eds• of the scr••u _id. O_r._
8ham, barnett, chac ch_ _ch coeds co _stciou
icxLf mar cho war:earn ec_e of cho hel• male:
uoml Olp_r•cin I coudlciou_ and k. 11 L8 c_co£or•
eou_iderod correct.

_clm_ 9. 10 and 11 c_m be sambaed co
dm_lne cbe ua=lmum betas pmmr ec vhich • ch_sscor

vt_h • beam ,.r•e _ and • q_m-co-_ ratio i cam be
qmr•cod ec pre_cr_oed _ecif_ impulse• pravided an
_q_racioual absences, s screen grid td_Lcimen (c.)

and • _c:mm hel• d_icor (ds) mm _i_IM. l_r
t_ilJ 111_c_•r4_m sc_ _ _c_ir ctm pexicors

ham beeu doffed by speci_In_ • 1It.4 n_ui_m_-

_-_creem hole dilcer _scio (l /d.) _d screen
_rid chick=we• •_ unity and O.OOeS • z_q)eccL_ly.

kcrL. lq_Ld rmm=rafl_

In order co prrrnc •l_atcll br_
becveeu _lde ic is prsmm,d checs l_cins
aXes:rio field I c_oc be ezra•deal. Mmmiu I 8
_nif•rm _rid xpec_q_, cblJ _ be ezproe•od
mchmlcicalXy _In_ :he ex_res•ion

"i "11

r.,_bbd_ Chin wt=h INs. 9 mid 11, am oper•ciotml
elbJl_r.l, ws, a set**- I_id d_lclmul and j screen hele
diamocor, _o beam paver/beam ar••/apocific _puln
mar_c• If_Lcod by eloccric_ br•akdmm
zmwider•cion_ is deflue_.

vbeco ohm pr4-_ •lacc_on utilize:ion f_cror (C),
pr_ •leccrou/propell_c •cam coc_l iMl_Jcic

cell/alms crou sac:tin 1_%). :he pr_r_ electron
coUC_L_m-uC lo_cb (4), :he propellant ocom
cberm_l _elocicy (v) and oh, transparency of _be
_ide co neutral ac6ma (6.) uy be ummed cm_conc
far • parclcu_ar propellaAc and discberp volcxp.
An mcpro•sion for :he prov_.llanr flovrJcs per unAc
beam aw•s _edmd in gq. 16 can be obcoined by
coabb_n_ :be definLciou of propellant utilization
offlcic'_'y

- _ (17)

q_ I •

vt_, Eq•. 2 ch:o_h 7 co obtain

L. ='. • '. '.
' ,: t '= " J " (")

Zq_mcioua I_, 15, 16 sad 18 _bou combined rich an

operacioual obJecc1_ yield :he beam pover/beam

6r_a/ap_clflc Impuln surface chac defines :he

dLscha_p paver per _nic beam tea ¢ouc_cinc.

fhnmam _z'Ld LL_oCLm Ce_t_,J._

alChm_h :he screen grid is --maned co be :be
1if• 1Lmic_ compo_nc _b_eccod co _ccor erosion
in ch_ p4_r, _kLicianal cousc_•inco per:aisLe 8 co

ocher coa_neucs chec _re subJeccod co ion
bemb, z_,nc c_ld impose similar co---creSses. They
vould be lncorporscod 4.co :he analysis in che same

u Ohm sue de_lo_ed hero for the screen _id.
l! the XrHn _rid life:is i• cousider,d co h_we

empirod vbeu • frscCiou 7m of Ice in£clal chickness
c. ham bee_ccor,d avc_ :ben chic lifeciue yell

60



• p Na Ts Cs

. ] (19)"" [J+ s:(v o) • O.5 J_S_'(2v o) ]¢

vheco pamd N -re the dan_Lcy m_d molecular vetzhc

of r.he £:id NwCerisl, g te Ave|stir•'• number, J+
amd J.._ auto the s£n41y ]tnd do..kLy charged ion
c_srreh_ dmn=icioe ecrikin| the |rid _ S+(V h) and
S.._(2Vn) see the Ipucce:inj .yield• of the |:[d
U_.erLZ1 _or st•sly and doubly chsr|ed lo_m
evalu4cod respecc£vely for Loua with enerslee eq_l
co the d£1cksrse volcale amd trice the d£echarse
volCaSe, a-cof_nLz£t_ chac the |:£d will epuccoc
nose rapidly ac the po4nc of saxfJsm cuzTonc dm_J.cy

_+ " Ju ) iqe. 1, 2 and 8 can be combined v£ch• 19 _5"obcain

_1 Qrid LIJ_oC4`m Co_m_racLn¢

For • ch_ee-K=£d Lee optics 8y|cen _d_ore
J_mccerin| on the barrel (interior surface) re61••
of r.be :ccel 6rid holes dominmcoe the erosion of the

jrtd, the ch_q6e in accel ho_l diacl: (di) per
w_LC CfJI Ls l;:Lven by

d{d i) . Sj Juz no %. Vcefi M
(24)

dr• • N8 # • di CI

In oh4` equation $ is the spuccor yield of c_e
accelerator srtd -zCer£al •c the prev•/l£n 6 char6e

ezchans• ion kinetic enerS_, n o Le the neutral •cam
c_nsLcy in Oh• char6• exchamSe reaction re6Lon,
is the volwl of chL• reaL•n, f is • factor c_tc ce
dolc:_be• the extent co vhLch c_ome Lotus ire focused

occ•1or•cor _rld chLcknue. For • cvo-6rld 8pclc•

Pj - iec ,her• spucclr£n S on cbe de•serum e_r£a_e oz

2 r s + 0.5 j+ Sm (2Vo)J used _sC for the •sampLe beLn4_ cormLdmr•d hero. oh•
(20) _-_£d eq_ctou (Ikl. 24) v111 be used

m_l_/vel 7

The doubly- co. sinSly chazpd £o_ cu.-'renc dmwicy

r•c4` (JJJ_.) _arins In oh4` oq_cLon 4` •
-c=ou8 _b_:6iou_?_ _Lschazsa operac£n_ camdlc4`u=

o..[,,1f..']

[....5 ]

S_eo slmpll£lcacio_ o_ oh4` _clou 4` |eue_ally

The ue_cral •Cam d_,,-£C_ In the chars• •zcl_mSe
rol_em 4` I_m q_proza-.,coly by ch_ expression

(25)
DO m A_ 4_0 v 0 •

_£ the all•yah1• chanee in dilcer 4` _d -,_ • is
oh• d_J£:od 11£0c 4-- then the inceSt•cad _oru of"
k. 24 may be combtn_ _ch Iq•. 1. 2, 8 md 25 co
obc_ln

,,- [" ,.-o,.,
' L"a %,f. i j L%'c"J

(26)

In order co couple• beam pemer u • t%mcc£oa o£ bern.

a_em and a_:i_ic Lmpule• us£n S oh4` equation the
possible became the first corm 4` amSILs_blo a: vole• of the chaz$o ozchanp, reS£on has been

c_pic_l d4`ch_8o chamber e4`ecrou cempera c_es and us•mad co be equ_ co chec o_ the c_linlr sham £n
• uerl_4`•. In Eq. 21 v_. and _v 8re the Jot• end Fi S. I erich s drier equal Co chmc 02' Cbo _ceel

umsCral •cam cherm_ "All•citiEs, 6 8 mad 6. 8re the _'ld q)e_ (d,) mud • 1fetch CtrLc• the I_'id
c_rmwp_msc_u _£ the Srld_ co Lena and nm2cral mep_aC£ou d£ac_b:e (1). In _ldiC4`n the rio4` of
scorn• end q_, P• mid etc. mr_ che taco _Ncor8 _eel srid chieia_-- coal_id separicLou diet.ants

uu_la_5 _,'_ pro_cims o_ r.bo verio_ loa_c (ca/I s) _ been ummed co be cmwumc.
61_e4`8. The pr£mm_-co-Nm_mllL_m e4`ccrms

lcy cool• (np/_) qq_rt=s In k. 21 4` s_veu

(22)

In t_h£a equaclam. _ pr_mz_ alert=re _lam£_V (__)
4` dec•mined by £co esnr82 ,hLch 4, ummed In c,_n

co be equal co cbe d_eh_rp voiceS•. _ dl_cher|a
chamber _olwm.co.b6m az_ rar_a (_/_t) 4` simply
the dlKharp _mber lenech _d_ch arT"be us•mad co

be relatively Lswemicl_e co bum sru (a.|. V/_ -
0.1 + 0.1 (1-m_(-10_)] h_ beam used tar cbe
examp4`• _cod bets). _ £is_s_ aurprusilou
needed co do£f_o cbe •cream _r£d 1L_•clme couc_alnc
4` me _or cbe Fragellanc me Flmrraca per _nLc
beam _r_. Ic 4` •boated by comb_ Iqs. 1, |
..,d 17.

L%s.J (=s)
Zq_cio_ 20 ctu_6h 23 cms be eo[ved _or cbe beam
peer/bum 8re6/sl_ei_ic _pulN mu_ce chac
dotin_ cbe Nrems Srtd 1£_ac4-- cmw_ralac u4wn an

_raci_ co_Jc_Lnc 4` specified and d_Sil=S
da£inlciou --m_=4`cod _ch cbe chamber (a.J., pro-
pellamc. _L•cha:se _ICOSO. etc.) h_m been ida.

_Jamcl_m

ZC is _oeemsaz_ co de£ine an c_peracJoa_l
obJe_ci_e for a chrusr_tr in addition co the various
pi_va£cal cocusc=8_ncs is•posed on Lc In order co
do_f_m cbe _ca_ &tsch_|e chambe_ operacin4_
paine, i.e., cho prop•llano uc£14`aciou o_ic4`,c 7
mmJ _LLschar_o peter aC _ich _ _car adsm:ld be

_a_. _ can be _ foc •umpLe by de£in£n S
a m4`a4`a of Inca=eat, _hich mtShc be cisuaccor4`ed
by a m£ulou c 4-- ._d chsrsccor4`c4` _lociCy or •
umplam m_alou 81prichm; camp_cin8 the mace o_
cbe syecom elameuco (J)amer pie•c, propeZlmsc,
payload, etc. ) and dec•relearn8 the prol_llmc

ucillzac_ms e/,_£ciamcy •per•tinS pabst st _sich oh•
amoa_4`cod _11 fC_C£am 4` -_,-:Lm_ed.
epclmm pro_llanc uctlizsciou operac_ paIne hu
bern: H4`¢COd Lss cl_• •curly •o the chz_cor
ope_aco8 ac the mazJmm thrust-co-paver coudlcLou. _4

This amsd£c£m is d_Eined by combf_n_ Zqs. 1, 5, 6.
7. i 17 _lch the e_press4`u _or chruscor
olo_c_Cica_ of_ieimsc T vhich 4` /_Lvoa by

PB J_ VB

% " PT " 3j V| * :C_ (27)

In cb4` eq_cim Pe4` cbe cecal clun_cor pmmr and
4` the man of cA• peers ueedod co Seuo_sco tou

m:d co m_ chruscor campecac_ru, prop•limit

Flee-races _d nmst_rala`ar •per•tim: (i.e., cbe
pemer lo•i co=u), frequently oh• domL_msc peter
lo80 4` cbe _Lt_.bars •pmmr req_Lred co produce the
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ions and LC cam be expressed in cecum of the aner_

cost of s beam Los (P_ - J_ rx)' AJsumin S the
discl_r$e povtr does -domlAacl the losses, £q. 27
¢,Sfl be _ovrl.ccen a4J

this ec_utcton can be cmibLned rich chose

identified ad_ove co ob_Ln the expression for
christ-co-cecal pover.

(28)

,3 . o/2+

By seekLn S the propellant _ciLizmcion chsc osxfJ|izes
chLs eqwtc£on er emch SlaScific Laq_u_Lee. opsracLoo mc
• _n_Mn chz3AsC-Co-pover Ls realized for each
chz_cer beam a_s4 and physical constraint
condition.

iDUL_

'the enalTsis cec_iq_ ouclinod in clio
preeemdins section can be _d co Lnvtsti_co ohm

TabLe I (continued).

Parameter/Property Symbol VIL_J Used

D/schar|e Voltage '70 30 V

Tocil Z_eccron-kcom TneLaaCLC

Collision Cross SsccLon ss s* % 7./,zLO'2Om 2

/_il•z? Electron Containment
Lat_ch 1e 3.5 m

Neutral acam Thoz-nel VoLocicy v o 290 m/sac

Allovable Screen Grid Erosion

l_action 7 e O, 5

Ionization Race Factors for Q: 7.1xlO'lSm3/sec
5 sv Tespetac_urs Xaxvellian

lloccconoi I %÷+ 5. LxlO" lfm3/sec

ZouLsatioo u,co Factors for P: 1.3zLO'13m3/stc

4_
P÷ 2. SzIO" L%3/sec

30 ov tnorl_ PrLauLry
Electrons: s

sffooco of a vtcbJ verier 7 of daSLl_ and eperational Sputter Yields for Kol_xbnum S: 2z10 "6p_rmlcsrs on cbe paver end _c capabilities o!
ion chz3_acors. Because the ptsrl)osm of this paper is Screen _rid for SLntL 7 end _ 3
Co _Crico Oh4 capab/lic 7 of _he mochodolol_ Do_l 7 Ch_rpd Ious iy Ss 1.$zlO"
InvoLvod rlcber chart co 4ram cenc1_ulons bend on am

ozhau_cive scud_ conducted u_ins it, emo Ht of Spuccer Yield for Accsl Grid :_ Ss 1.0
_71)ical v_ues of chrusco= parameters has been
ulaccod for _use in the mss_yeis. The w_ues nod Chirp l_chanSe Cross 19 -
aura listed Ln Tsbls I mid vhils chs_ 4re co_sidored Secti°nis _ce 3zlO" m_

co be cypicaZ of iou _cers Ln Seusrll, _he 7 do
noc represent 8ss_ p_'cic_sr ch_cer. The rsce /.=col Crtd Thickness-ce-_rid

fan:Cots ulod in the mssl_sJ_J 4re bsmed ms an ummod Sepsritlen ]Lscio Ca//S O. 3
Naxvellien sIeCcrou temperature of 5 oV 8rid •
prudery eleccren enerlT, v_ch is consist_t v_Ch &1lovable &=col Grid Erosion _dl/d I 0.5

cbe d_scharSc voL_l_ (30 cv). Charms F.zchanSc Iou rocu_J_

Table I. TluruJcor _srm|ecers Used in be•pie Study Factor _c O. 25

in the C_d_r of Their Api_crcnco _ -- --

Pmrecer/TTolssrc_r S_b_l V_WO ONd Z_ 0_0 prescribes C thruster vich • been eros
0£ 0.2 n s and calculates the beam pover 1Lmica for
each o_ ch_ phTsiC_ co_sc_•lnco described tn chc

Ion _ l_a_-ss 1_ 0.$ procsosLLn_ socCien rich the objective of el)station
at _Lmum ch_mt-co-pover, tbe cuzvss of ri S. 2 are

Iou Cu_ent Deu41C7 obc_md for ohm wslues of the cot_scrsinco cited in

Enhancenenc Fetter _s 1.0 the filetS. For each cenacrcinc, eperscion belov
amd Co ohm riShc of _ho usoci•csd c_rve aaSU_SS

Screen Gr_d Trmt_su_ 7 operation chat does not v_olcte the con_c/riinc.

co loae 6 s 0.7 Hence Ln the cue o_ Fl S. 2 r.he 600 span-co*S8 p
constraint _LLLco the payor chac c_n be extracted up

Grid S3rsCem T_m_trenc 7 co a 13p_:iJ[lc J.mp_se of -3000 set 8el chart che

co Neucr_ atlm 60 0. II

t°°F 0_m: 8rada_.a . .'/
Trot J_UJJ (_Mtmt) l i 2"2Z10"2_4 / w_c _-_0-pov_ I /

l _o v msc_ D"

Volcsse tscio t 0.5 e0

! . ," //
Factor IPc Z.O ac I_\ _ coe_sm_ /_ ,f

lictor I 1.0 \ l0 _ I,, I;%. ."

5_L0*%Screen _'rid 21_cim, u t s i / -. , //---". ....
Crld Sep,tliiclou co Sclt4m

20 t _'_ _ ," ._ _...-"'"

•,,,/,..,,, ,o ,--..f -
Inor_ Co_t Ip 50 eV/iml o I_---- -_ * i i *

Ex_raccod Ion l_racciou f]l 0.5 0 i 3 .3 4 S ISP_¢ llPU_S[ (_J,c)

ll_rlii:Cioll of Iri.i Iolls Goinll FLit. 2. T),llilai Po_r Collltrcinc C_urvms - 0.2 n I

co Cschode lhlcolmclll Sul"_acu l c 0.3 _ Azu (Span-co-Gsp and In_iqlrid
tlaccric Yiold LLmlcln_)
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2 _ electric field COliC=•Lie= become-, l_-icin S.
For _ _=icular pare•era ass•elated vi_ _e I_
e_r emwcrsinc:, Fil. 2 L_lceceao none of _e
ocher ©cn_c:iincs (dLsc_ie per•r, icreen _id
life, or scc:el _id llfe) _coil l_-lci_ at.
specific _le _ _ 6000 sec. The f_ _c
sliim-co-iip is liitcin I ec 1or Ipacifi© liq_iljes

vh/le eleccii© field bee:ellis lilll:in8 e: hliher I
ames is in q_111:i:i_ elpreiumnc vttb exmr/n:a_
o6sei'i•ilonl.

Xf _ I_'lds mile disil_ld so _he elec:r/c
field liilic coiild be lncreued :o _ kV/Im imd :he _l
o_r eolii_ein_ vile held fixed e: he ,•lille of !
Fll. 2, _n _ _c8 of Fie. 3 8re Seuiraced. bey
sul_est r.he 600 sp_m.:o-i_ p IL_L_ vm_d prevail co

sec. _ecific L=p_lee sad :he diech_rSe mvir
mr _e _ Irii 1_c ot 15 _/i I _d _coii

cluicr_ _ _t mini. Increut_
ellmiile field 11ott ha4 in r.his cue sllllod

be-- _: Ic _ sle Zs co llireue £:a1-15 W 0
(Yil. 2) co -25 kit (FtS.P3) imd 8c 6000 soe frou o

-27 ill (Fi S. 2) to _5 W (FIS. 3). l_, oa
o_r _,,,,,,,,,n, i_ wre nlces_ co have scrlln
Imcol _d 1LfsCiles o_ 2 • 10 e hi _ ibe

X tmZl_ fral _c 3_ Nc co IS_ sac u
d_ O_ 1_. i i. in _le cue _ pover ec

cousilra_ co -21 _.

/ _ v lllsl:tlllil i.
/wm _,_apa,_,i_,r /_/,

,/?'
/ . / ///"

"" .it _ ""_ _/ /,"

if,
• ," i! ...-
t r , --, .//..-"
.. . -. .. /_;d/

...,_- _

0 1 i 3, 4 _i I

sw..cmc iuPU_((i_)

]LPIi. 3. _l_ l_mr C_w_ra_se _s * 0.2

it =h. b.m muer l_-_co _ W i
_i _i Iolil/ u •ill of both

I I / ll_h i I ll•_t rihi

bean _Sl;_L_l_ Lapulae sw_ees l_lm _box sbmm
in Fie. 5 _ Ileal•cod. _ese _aees de£1u
mmr 1Lalco a_ul_cod vlch each cowc=al_

is mmiicod at _ I_S_sc benucb =he maz_aoe
ass_sr.ed vtr.h • IxurP.i_ _raLa£, bu= noc

I_ _ h / Ins h_ lovul tel lw

ue4_i _0.k icrolm lid lileel. I Up
ailllilo _lllr obselged it Ill _t_lo lilmiles

• _ o_ _iitio_ ac wudaw_ _¢.co.
pmmr vbleh ellis • law pll/c uillliloa i¢
lw l_le / (_. 29). i prlllc
ui_iil l_ i ill 1el lily-co-i_7
el i _ liciu (k. ll) / /

"l_m_li i Ill (k. 10).

tax. _ST-rO-_V_I I

P_T I /

I //"

i w/mm nrC1_C "#'-,_" i

co_111_wri-" /

// //

• .,¢ ,,,scm_...v//.'/ ."

--" - I l I l !

I 3 3 6 $ I

_i_ _r Ccm_::lnc Cu:r_s - 0.2 e:
kll i:ll (el-cO-Op, DiXie Po_l:
aleol G_id i-l_eC/ l l-_ct_)

ill coucra_u s_ _ Fil. 5 at,
ilqillld roll _ o_erill Ibllci_i suffice is Idancl-

lie4, _ o_i ibli_ bl _I$. i Is obtain, al the

labell am _ m_ilace •:el•ace, ci_ _lan-co.l_ p

elo_le field cou=:einco l_rosenc _ -as=

_los i eloe_ie field il hill _l) over
/ I_ l I I1 lie co I I I,

It mS ills • ISii_ 81 1 _ 1_lli:lillmc

/ Ir pro•user q)eel/l© ms lir.*rs

_co usoc_c_ _ _ clara in Fll. S,
ll/ fileilolw can be ca_pu_ed u •/:loa of

11/ _lil_ _lco ailed vhen r_e Iosc
Ito_l it i elcllin_ _e lll*d toi•
10 i _sei -I-sin co _ licili_d in 0.67 year
/ _ _c _ _r e_lcioz_r _o

olillr efliel I lille etiod _ _ file.
Ill _liclon lie i relicts1/ _lc m -_,

el • i_l 0£ $S p4r,'ll vben oh4 i1_ici/le Is*
Is I iS00 lit for 8].1 b_l: r.he ImsllesC bm

a_ea_. Tha l_OVload Ere=tile peak in Fl I. 7 is seen
co be very broad, so _ _cor could be _racod
• C _ie _• r_i_ _:o8-3000 Co 6000 see
.,,d lili_Ir d_o_c r.iw ul _11 fla_:ion.

_e •c _ _ ia_ ch_wr_r _recos

_ _se _ il_ _s. 28 aad 2t t_ e_-
Jmill _,_ _ most ru_iecl_ _ #r

_-£/ l_ ill. 5 _d v_ u • tuncclou of _ll
_ Sll_:itic lie.

it / ele_cito field eoa=c_rlc Is hi=lied

llila I mlirtlii il ki I si:leille _l vlwa h.be
/ _urll 0.2 w_, The elliot 0£ _'/l t
_t, um_ ellmi_Lc field eoucralnt for _lm areas

iq_ _ Iolo co 1.0 mI is sho_ in Fll. 9.
_i_ ot _ _=l _ lip. i _ 9 s_ _c
/l_ i electric /leld lti fat/lie•cos •
• ill el _ bell pdlll IC hi I b@lil _el

•..n lille i lie (21 _ '_. 11 _).

I£ b I_ld ll_oCill collli_raln=s sre Ci_ceuld

lelel pid i/fir311 lalili:ilni ldlmcilied la Fl I. 10
1Lalco cha beaa _r _ _ _rico i1_eiEie

lilmlli-lov i i:u llllll. _ tlm _ :ellen
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T_ST BEAN mOWER
[NI (kwI

rs _2s0

\ I I _ ._ \ I '_i_--------.:'""-'_"

\ I ioo P,,-To-_- _ \ I-SO _ . ',_ ..."w.%

F£z. 8. _Le..al '5.k,,,,,. e. s.. FI|. 9. _£e.al _¢811 Pover _¢ra£n£_ Su.rtac,

Ig_eJ_q

'%° '° tI  lll I

_,_ _ . -_ -.% "1. _ ___ _.0 2.0 3.0 ,Ko s.o I.o

l% % __ _ SPECIFIC IMPU_E (ksec)

FLi. 10. 1_piul o9er811 Pow: ¢_m_crs_nl_4 s,¢_e

(Spa-co*Gq_, DiseharSe Prier .,,d a_.cel
Or_Ld LJ.t. [d_cl._)

th, pe_r 1Ln/._: ts unchanpd trm oh. v81uu
prommcod Ln FLI. _.

The ¢hree-dimmtoml plou ebom £a Fllr, s. 5
t:hroulib 10 8z_ wNJ_'uX _o tllus_rato _L_,¢lve
b,h_vtor, _-t _ are d_tt_c,lc co _e _, ,o_.e,
of qum©/.r_c£_ Lu£ox-ttac£ou. QuncLcac£ve f_for-
enc£ou am be _ better Ln the fore o_ am
equal beam pmm¢ emr_r ploc 1£k8 also emo f_
F£I. 11. _ _tlpa_. vblch pre, m_u _be _m d_r_
u "k'C in Y£1. 10, _108r17 Lnd£eam _ho beam pover
1Lad.c .c My _ ram..,..,* _£_£e _ _£nc.
I¢ _ m _ m_aJn¢ _k-c _ prmmn¢_
eperac_o_ at h_sber pager ieveil ac ueh bean arm

and 81_e£_£e Lop_L_. Sl.n£1ar f_pzos oo_ld, of

FL$. 11. Cmutaac Pover _u_our DLai;ram (Sp_n-¢o-
_, DLsch_r|, Po_er and _:cel _rtd LLfo
XJ._t£nll)

£or_m_e ],hd, ta, 2) Co 4Lta =eforo_e8 H_¢ dam=rtbe
_ gross _i_¢s am be e.ouimr.od, and

3) to mqW,8¢ bow rem_l_ obe-inod fro_ _bo _ysLa
nf, litt¢ be premmCed Ln • :ea_L1y mderscood forint.

eml:m_Ls 8bo_d, bewver, nov be _Ld_rod
fully d4veLolm4. _ follmrlns stac4m=ta 4o_cr£be

r.h6c W.lhc be l.ncrodueed c_ laprm the
an_lys_Ls.

I) _ _61: _Lt_rp,,,.. (r.hr_c) _ur.oar (?c),

(:Jd:) md cho ne¢-to._ocal -_colera¢£ou volcale
ra_Lo (1) hmm _Lll b.ea _Meed u eoucae,'- tn ehe

cues prue_cod. These quancLeLo8 are, hoverer.
vsr/_bl, snd _ m _elacod co ,_ch o_.her. O_e

course. 81so be Seuera_.od 1:o adwv 1:be 1LoJ.t£n8 e_d r.hore_oro u_o d_ca 1Lka chose Lu hr. 19 co

,talus8 o_ _hr_c and peyLoed fr,,,¢£ou u • fune_Lo_ docentLne v81_8 of F,. for presa=/bed veXuee of
o_ _Jcer be4m 8re_ ,-,,.4 al?ecL,_Le Lupuls_. J_.,/d. and • or ono eo4),d L-,.'orF_rac. e4dJ.C£onal

_r|¢£_ _Jee_s _Mc _ould um_r, rite
__ p_ramoc_r8 are _eLo_ced _o mxbsLte a thruster

p4ri¢4Jr o_ LOCale.
The Llstmtt o_ tho pto_od_J_ dJ,s4_wnaLoo hs_ been

1) Co preseu¢ s mChodoLoKy and frammmrk vlthLn 2) Th4 scre4m nd _c¢ol ll_Ld _bLckaem;e,. (1:
_1-*, _ss _i_Jrs .,'t-,K=LbL_ Lms cb,¢uace_ _ t ce_cLveLy) _ _ea cruted as eona_ca,
_or u_Ld be wed co pcod_c¢ Lo_ chz_J_er per- _nd Mpend£n_ on r.bo beam $oom._Lr._1 cross NctLon
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iC nil), be CJ_lC _hey vouid be booter represented is
funccio_ of beam area. For example, a fxmccionsl
rolaclanahip be_'_een chose chic]messes 4md the bee_m
ores based on secha_Lcai dafonl&cion considerac£orJ
mLSbc be doeirsble,

3) AlChouI;h soils variation £n dischaz|e chamber
pluua propercs`s hu bees alloyed £n the develop-
sent of the screen life ccmacralnc, mrs can be done
In nod•lie t the ocher consKelncl co reflec= the

effects st cheeses in Nmmell£an electron cemere-
C_re. primly _nd &uvell/an elect;on dormiCiel, the
buoline plato ion energy coeC (,) and the doubly.
charged ion cl_'_c factor (m) LncbzEed by changes Ln
propellant utilization and de`charS• _lCaie. Ic is

noted ¢h6c r.he phys_6811y bm_ed It•dale needed Co do
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Append_ _r C

A FOURIER SERIES TECHNIQUE FOR
DIFFERENTIATII_ EXPERIMENTAL DATA

John R. Anderson

This paper develops a general procedure for applying Fourier

series to obtain derivatives of experimental data. The mathematics

described can be used in any application requiring differentiation of

experimental data; however, Retarding Potential Analyzer (RPA) data

will be used to demonstrate the usefulness of the technique.

In experimental work one often obtains discrete data pairs of the

form [_, I(_)] over some range _ - _o to _ - _o + E. For example,

Retarding Potential Analyzer (RPA) data are collected in the form of a

plot of positive ion current to a probe (I) as a function of retarding

potential applied to the probe (_). Numerically the value of applied

retarding potential in volts is equal to the kinetic energy of the

ions in eV, assuming slngly-charged ions are collected and that ions

have this kinetic energy at the reference potential (i.e. at 0 V).

An example of a retarding potential analyzer trace, obtained by

digitizing an X-Y plotter trace to obtain [_, I(_)] data is shown in

Fig. CI. The raw data for this RPA trace were obtained by measuring

the ion current flowing through a hole of known area onto a current

sensing plate as a function of the voltage applied to the plate. For

RPA traces the ion energy distribution function is obtained from such

data using
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where n is the ion number density (in m'3), m is the ion mass (in kg),

is the ion energy (in J), e is the electronic charge (in Coulombs)

and A is the area (in m 2) through which current flows to the plate.

Obviously, the function l(e) must be differentiated to determine the

energy distribution function. The method being proposed here to

obtain this derivative, is to use a finite Fourier series to fit the

original data and to then differentiate this series term by term. In

order to ensure that this differentiated series converges, the

15
Lanczos convergence factor should be used. Before discussing this

factor, it is appropriate to discuss some of the drawbacks of Fourier

series techniques. The Lanczos convergence factor will then be

presented and an example demonstrating how this factor improves the

convergence of Fourier series will be given.

The standard finite Fourier series representation of a function

l(e) on the open interval (Co, Co+ E) is given by

N

I(_) - a + _- [a cos(2_ne/E) + b sin (2_ne/E)] (C2)
O n--1 n n

where

e +E

ao " El I o I(e) de ,
f
o

an - _ _e°+El(_) cos(2rne/E) de , and

f
o

- (_) sln(21me/E) d_
e
o

(C3)

(C4)

(C5)
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The Fourier series is periodic with period E and converges to I(_)

in the open interval (_o' _o+ E), but the series converges to the

average value i/2[I(_o) + I(Zo+ E)] at the interval endpoints _o and

_o+ E. Therefore, unless I(_o) - I(_o+ E), the Fourier series will

not converge to I(_) at the interval endpoints. If the Fourier series

is discontinuous at any point including the interval endpolnts, the

Gibbs phenomenon is observed when a finite number of terms is used to

approximate I(z). The Gibbs phenomenon manifests itself as an

overshoot of the finite Fourier series and this makes it difficult to

estimate I(_) near points of discontinuity. Another problem that

arises if I(_) has discontinuities, is that the derivative of the

Fourier series does not converge. Because of these problems, the

standard Fourier series has limited usefulness in many applications.

These problems can however, be overcome by using the Lanczos

convergence factor. The main idea behind this factor is to modify the

standard Fourier series so that the derivative will converge by

applying a finite difference operator DN to the finite Fourier series.

DN is defined by

DNF(_) - F(_+E/2N)E/N- F(_-E/2N) (C6)

From this definition it is seen that,

llm DNF(_) . dF(_) . (C7)d_
N_

therefore,
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lim DN __h.d_
(C8)

Thus, it is seen that for large N, DN provides a reasonable

approximation of the derivative operator Applying DN to I(()d(

gives

I(_+E/2N) - I(_-E/2N)

DNI(') " E/N
(C9a)

" _E ao + nZl an cos((2_'n/E)(,+E/2N))

+ bn sin((2_rn/E)(,+Z/2N))]

- a
o

- Z a cos((2rn/E)(E-E/2N))
n-i n

+b n sln((2.n/E)(_-E/2N))]}
(C9b)

Using trigonometric identities and performing straight forward

algebra, the following is obtained

{ao [DNI(_) - _.... + Z I sin(nz/N) an cos(2xn,/E)
(n_/N)

+ bn sin (2_n_/E)]}
(ClO)

From this it is evident that the finite Fourier series should be

written as,
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N-I

I(s) - a° + n-lZ _(n_r/N) [an cos(2xn_/E) + bn sin(2_rnE/E) ]. (ell)

Note that this series is summed from n - I to N-I because sin(n_/N) -

0 when n - N. The factor sln(n_/N)/(nz/N) is called the Lanczos

convergence factor; it causes the finite Fourier series to converge to

I(_) faster because it attenuates the high frequency terms which cause

the Gibbs phenomenon. Consequently, the derivative of I(z) will

converge even if I(e) is discontinuous at any point including the end

points I(_o) and I(_ ° + E). (However, in general, the derivative will

not converge to the correct value at the interval end points because

of the discontinuity introduced by the Fourier series.) The

derivative of I(_) will converge, if the first power of the Lanczos

convergence factor is inserted into the standard Fourier series before

differentiation; however, better convergence is achieved if the square

of this factor is inserted before differentiation. In general, the

best convergence is achieved if the Lanczos convergence factor is

raised to the m+l power before the m th derivative of the Fourier

series is taken.

Although many of the convergence problems of Fourier series are

ameliorated by using the Lanczos convergence factor, convergence

problems can still be encountered near the interval end points when

I(_ o) _ I(_ O + E); therefore, as a general rule, data should be taken

so that the region of interest is in the middle 90% of the interval

('o' 4o + E).

When the technique is to be applied to experimental data, Fourier

coefficients must be computed and this can be accomplished using the

integral expressions for the coefficients given in Eqs. C3, C4 and C5.
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Any standard numerical integration technique, such as the trapezoidal

rule or Simpson's rule, can be used to do this; various integration

techniques have been tried on RPA data and the best results were

obtained using Simpson's rule when all of the data were spaced evenly

on f.

A further practical concern is the number of Fourier coefficients

needed to achieve a reasonable approximation to the function I(_).

For RPA data, the first 50 Fourier series terms gives satisfactory

results. Other applications may require more terms; however, this

consideration is left to the discretion of the reader. The minimum

number of data points needed to compute N Fourier coefficients is

dictated by the digitizing theorem, which states that the sampling

frequency must be at least twice as high as the highest frequency to

be measured. This means that at least 2N data points are needed

(assuming the data are all evenly spaced) to compute the first N

Fourier coefficients. If Simpson's rule is used to compute the first

50 Fourier coefficients, at least 101 data points are required because

Simpson's rule requires using an odd number of data points.

Now that the pertinent mathematics has been discussed, an example

illustrating the improved convergence achieved by using the Lanczos

convergence factor will be given. Figure C1 shows an experimentally

obtained RPA trace. Figure C2 shows the standard (no Lanczos

convergence factor used) Fourier series approximation to I(E) using

the first 25 Fourier series terms. Note that the Fourier series

converges to the average value of the function at the interval end

points and there is evidence of the Gibbs phenomenon. Figure C3 shows

the same Fourier series used in Fig. C2, except that the first 50

terms were used and the Lanczos convergence factor has been applied.
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If the first 50 terms had been used in Fig. C2, the curve would have

been even noisier because of numerical errors encountered when

estimating the high frequency Fourier coefficients. The Lanczos

convergence factor damps the high frequency Fourier terms; therefore,

errors in estimating the high frequency coefficients do not

significantly affect the results. Again, in Fig. C3, the Fourier

series converges to the average value at the interval end points;

however, evidence of the Gibbs phenomenon has almost disappeared.

Figures C4, C5 and C6 show, respectively, the energy distributions

given by Eq. CI, when no convergence factor, the first power of the

Lanczos factor, and the square of the Lanczos factor, are used before

differentiating. The first 25 Fourier terms are used in Figs. C4 and

C5, and 50 Fourier terms are used in Fig. C6. From these figures it

is evident that reasonable results are only obtained when the square

of the Lanczos convergence factor is inserted before taking the first

derivative. It is also noted that the derivative is large near the

interval end points due to the discontinuity in the Fourier series

representation of I(e); the derivative has not been drawn to the

interval end points so this is not seen.

From this example it is evident that the standard Fourier series

is not a useful tool for analyzing experimental data; however, use of

the Fourier series in conjunction with the correctly applied Lanczos

convergence factor does provide a useful technique for analyzing such

data.
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